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Abstract

Magnetic thin films are important for technological applications such as giant magnetoresistance,
spin valves and magnetic tunnel junctions. A key feature for these applications to be possible is the
interface between two materials. We will be studying two types of thin film magnetism; interfaces between
molecular carbon, C60 , and non-magnetic/ferromagnetic material and two layers of ferrimagnetic rare earth/
transition metal alloys (RE/TM) that have similar composition to engineer a magnetic tunable interface.
One of the most unexpected spin-related properties of C60 is the emergence of room-temperature
ferromagnetism in multilayer films of C60 and non-ferromagnetic transition metals such as Cu or Mn that is
interfacial in origin. We used a combination of x-ray and neutron scattering techniques to investigate the
properties of the interface between the organic molecule and the transition metal. This study led to an
intriguing question of how would C60 effect a ferromagnetic material like Fe and Co. When Co/C60
samples are cooled in an external magnetic field there is a development of an asymmetric hysteresis loop
can be related to the rotational freezing of the C60 molecule at temperatures below 100K. Ferromagnetic
resonance measurements as a function of temperature are used to explore what the rotational freezing does
at the Co/ C60 interface.
The second type of thin film magnetism being explored is multilayers of Ferrimagnetic Rare-Earth /
Transition Metal (RE/TM) alloys. These alloys can exhibit an unusual effect termed magnetic
compensation. A key question in such structures is the interface length between two TM/RE layers with
different RE content. Polarized Neutron Reflectometry (PNR) is and ideal tool to study this because it is a
well-established technique to examine the magnetic depth profile of materials and is particularly useful in
determining the magnetic scattering length density (mSLD) profile of magnetic thin films. We can
therefore construct bi-layers, and more complicated structures, that present nearly identical nuclear
scattering length density (SLD) but where the magnetic SLD (mSLD) profile is modified significantly with
temperature to determine the extent of the magnetic interface in the sample.
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Chapter 1
Introduction

1.1

Motivation
Magnetic materials are a rich area for fundamental scientific research with capabilities to produce

more effective technology. Thin films are the basis of solid state electronics and are used in many
applications in many different fields. The characteristics of the thin films are manipulated by altering the
thickness, geometry and structure of the materials [1]. Interfaces have been used to not only modify the
bulk magnetic properties but due to the short-range interactions such as spin-orbit coupling can alter the
overall magnetic nature of the material. This can produce magnetism from non-magnetic materials or
change the dynamics of the magnetic responses.
Thin films can be produced relatively easily by physical or chemical deposition methods. Properties
of the films can be modified by altering conditions of the deposition process like the substrate, growth
pressure, temperature and thickness of the film. In particular, the magnetism within a sample is extremely
influenced by the structure. Thus, particular interfacial structures can be used to produce certain magnetic,
optical, electrical and mechanical properties needed for device applications. The static and dynamic
magnetic properties are the core of spin-based technology and are essential for the advancement of
information storage and computation power. Technology is always advancing and there is a need to find
new materials and interfacial interactions that can improve the magnetic dynamics. This motivates the
work in the dissertation to understand different interfacial interactions within different classes of materials.
Interfaces are critical for device performances and if we investigate and understand intriguing new effects
we can spark a path for improving device technology.
1.2

Bulk Magnetism
Before going into specifics, we first need to review magnetism in general. Magnetism arises from

two sources: motion of the electrons or by the spin of an electron which comes from the elementary
spin-1/2 fermion [2]. The magnetic moment can be compared to a current loop, where the current about a
1

small loop will produce a magnetic moment perpendicular to the plane of the loop. This magnetic moment
is called a magnetic dipole. Thus, we can think of the magnetic dipole as an object that consists of two
magnetic monopoles that have opposite magnetic charge and are separated by a small distance. The
moment points perpendicular to the plane of the current loop thus allowing it to be parallel or anti-parallel
to the angular momentum associated with the nominal charge moving around the loop. For many materials,
the number of electrons are arranged based on Pauli’s exclusion principal and Hund’s rules such that the
orbitial and intrinsic magnetic moments cancel out. For both of these rules, electrons adopt an arrangement
where each spin associated with the magnetic moment of an electron is canceled out by a spin in the
opposite direction. When the electron configuration contains unpaired electrons, either spontaneously or
based on an applied magnetic field, the unpaired electrons’ moments will line up resulting in a net
magnetic moment. When a large number of atoms with magnetic moments come together, they can make
up a magnetic solid with a magnetization defined as the magnetic moment per unit volume. The orientation
of the magnetic moments in the solid can be tuned by placing the material in an external magnetic field.
This will result in the magnetic moments rotating to either align or anti-align with the direction of the
magnetic field resulting in a non-zero net moment. There are five different types of magnetism that
correspond to how the magnetic moments respond to the applied magnetic field: diamagnetism,
paramagnetism, ferromagnetism, antiferromagnetism and ferrimagnetism [3, 4, 5, 6, 7].
Diamagnetism occurs in all materials and comes from the orbital magnetic dipole moments that are
induced by an applied magnetic field. These moments are from the paired electrons and oppose the
direction of the applied magnetic field. This produces a magnetic moment that increases in magnitude with
increasing field but in the opposite direction. This induced magnetic moment is very small compared to the
other four types of magnetism causing it to be masked by the other magnetic effects. Paramagnetism arises
in the materials that have electrons with unpaired spins. The paired spins of the electrons in the material are
required by Pauli’s exclusion principle to have the magnetic moments that point in opposite directions but
the spins of the unpaired electron are free to align in any direction. When the unpaired electron spins
encounter an external magnetic field, the moments tend to align with the magnetic field direction resulting
in a net moment pointing along the applied magnetic field. There is no spontaneous long-range ordering of
the dipoles and thus the net moments will go to zero when not in an applied field. Since the moments are
aligned with the magnetic field, the moment does increase with increasing field and is stronger than the
diamagnetic components in the atom. A schematic of magnetization vs. applied field is shown in Fig. 1-1
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for a paramagnetic and diamagnetic material. At low fields, both paramagnetic and diamagnetic materials
have a linear relationship with increasing field.

Figure 1-1. Schematic of the initial magnetization vs applied field for a paramagnetic, negative slope, and
diamagnetic, positive slope, material.

Ferromagnetism, antiferromagnetism and ferrimagnetism occur when the exchange forces between
the atoms is strong due to proximity effects with other atoms. This can be due to crystal lattice structures,
interfaces or the electron bonding of different materials. This results in the atoms being close enough to
neighboring atoms to allow the electron orbitals to overlap and is known as exchange coupling. The atomic
moments can align parallel to each other known as ferromagnetic ordering, or anti-parallel known as
antiferromagnetic to each other. When the moments are arranged ferromagnetically, the moments orient
themselves spontaneously. The areas that have the same spin orientation are called domains. In the absence
of an external magnetic field, the domains are randomly oriented and have an overall net moment that is not
zero. The domains in the presence of a high magnetic field will all align with each other, inducing the
largest moment possible or magnetic saturation. This means that the magnetic moment will no longer
increase with the increasing field. The relationship between the moment and applied field for ferromagnetic
materials is not a linear relationship like paramagnetic or diamagnetic materials and depends on the field
history. This trend is known as hysteresis. [4, 8]. Once the ferromagnetic materials has been saturated,
turning off the magnetic field does not mean the magnetization will go back to its initial state. The spins
retain some of the amount of the magnetic alignment at zero field and this is known as a remnant
magnetization. The field required to rotate the spins such that there is zero net magnetization is known as
3

the coercive field. A typical hysteresis loop for a ferromagnetic or ferrimagnetic materials is shown in Fig.
1-2. The magnetic ordering in ferromagnetic materials is temperature dependent. At low temperatures, the
thermal energy in the system is much lower than the energy needed to align the atomic magnetic moments,
thus the magnetic moment strength is easier to achieve. When the temperature is high, the amount of
energy breaks down the order of the moments and at a specific temperature, known at the Curie
temperature, the material is no longer ferromagnetic [4, 6].

Figure 1-2. Schematic of a magnetic hysteresis loop for a ferromagnetic or ferrimagnetic material with
corresponding cartoon of the spin alignment at key points along the loop.

Many ferromagnetic materials have a particular energetically favorable orientation of the atoms,
known as a crystal structure. Two common crystal structures are face-centered cubic and body-centered
cubic crystal structures. However, certain materials, like in ionic compounds, the moments can order
opposite each other. When the moments in the material are equal and opposite, it is referred to as
antiferromagnetism, and results in a net moment that is zero. When the moments are opposite but not
equal, the material is ferrimagnetic. Ferrimagnetic materials behave more like ferromagnets than
antiferromagnets such that they are able to produce spontaneous magnetization and also have magnetic
hysteresis. A schematic of ferromagnetic, antiferromagnetic and ferrimagnetic spin ordering is shown in
Fig. 1-3 A-C respectively.
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Figure 1-3. The orientation of the magnetic moments of (A) ferromagnetic, (B) antiferromagnetic and (C)
ferrimagnetic materials.

For ferromagnetic and ferrimagnetic systems, there is a strong correlation of crystalline magnetism
with the crystal structure of the material known as magnetic anisotropy. Magnetic anisotropy has 3 types:
magnetocrystalline, which is based on the crystal structure; shape, which is due to the grain shape; and
stress, which is due to either an applied or residual stress on the material [9]. This effect can be observed by
a change in the shape of the hysteresis loop because it alters the coercivity and remanence of the material.
1.3

Thin Film Magnetism
So far, we have been discussing the magnetic properties of bulk materials. However, when materials

are grown in the thin film regime the magnetic properties can be greatly different than that of the bulk
material. An atom at the surface of the material has a smaller number of nearest neighbors when compared
to atoms in the bulk. The reduction if the nearest neighbors reduces the electronic bandwidth which
increases the density of states at the Fermi level. This allows for drastically different magnetic properties to
occur in materials based on the interfacial interactions.
Magnetic thin films are produced by physical vapor depositions techniques on a flat substrate and
can be anywhere from a mono-layer to several microns thick. The crystal structure of the thin film can be
strongly influenced by the lattice constant and symmetry of the substrate in relation to the materials being
deposited. Magnetic thin films grown on a crystalline substrate allows for forces at the interface to alter the
films crystal structure into a new possible phase that is not typically seen in bulk. An example of this is Co
which is usually hexagonally closed-packed but when grown on GaAs(110) substrate will prefer to orient
as body-centered cubic [10]. The energies associated with a change of the crystal structure is on the same
order of magnitude as the change of magnetic structure, thus, the magnetic properties of the thin films
depend highly on the structure of the substrate and the corresponding growth of the thin film.
The change of the crystal structure is only one way that can affect the magnetic anisotropy in thin
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films. Another way is by changing the symmetry of the atoms at the surface of the thin film. The lowest
order anisotropy energy for a ferromagnetic layer can be written as

Ean = K sin2 θ

(1.1)

where θ is the angle between the magnetization and the surface normal and K is the effective anisotropy
constant. K is the sum of three terms,

K=

2Ks
+ Kv − µ0 M 2
t

(1.2)

where Ks is the surface or interface anisotropy and t is the thickness of the layer. The second term is the
anisotropy of the volume which may be due to lattice strain. The last term is the shape anisotropy of the
film and is the dipolar contribution. It is based on a continuous distribution of the magnetic poles on the
surface and can be significantly altered by interfacial roughness [7].
For thick films, the last term dominates. However, in thin films, the surface and interface terms may
dominate due to the thickness of the film being small and result in spontaneous magnetization. For certain
conditions, the preferred orientation of the magnetization can be perpendicular to the surface normal rather
than in the plane. This perpendicular anisotropy is an important key component for magnetic recording
devices. However, the interfacial roughness and lattice symmetry are crucial for the development of high
quality films that exhibit large perpendicular anisotropy.
The symmetry at the surface of materials can be further altered by the introduction of one or more
addition thin film layers. The interactions between the two materials can, for example, induce strain, break
the interfacial symmetry or even permit charge transfer. These along with many other effects can result in
unconventional magnetic behavior, like the interface of two non-magnetic materials becoming
ferrromagnetic [11]. Many interfacial interactions have been studied over the years, with giant
magnetoresistance being one of the most notable. Giant magnetoresistance was found in Fe/Cr/Fe
multilayers where the two Fe layers are coupled anti-ferromagentically [12]. It was found that the two
magnetic layers coupled through the non-magnetic spacer layer. How the layers coupled, ferromagnetically
or antiferromagnetically, was dependent upon the thickness of the spacer layer. The coupling oscillates
between ferromagnetic and antiferromagnetic as the spacer layer increases in thickness. The discovery of
giant magnetoresistance highlighted the importance of magnetic interfacial effects. The interfaces between
6

materials allows for the manipulation of the magnetic properties that can be tailored to the needs to
technological devices.
1.4

Novel Materials
Most magnetic materials today that are used to make devices like magnetoresistive random-access

memory, MRAM, and require the use of interfacial magnetic effects to produce significant changes in the
magnetic behavior. These interfacial effects are very complex and investigation into the underlying
physical behaviors has been a priority for the enhancement of device performance. In this work, we looked
at two different types of thin film magnetism that exhibit intriguing interfacial interactions: molecular
carbon interfaced with non-magnetic/ferromagnetic materials and ferrimagnetic rare-earth/ transition
(RE/TM) metal alloys.
Molecular spintronics provides an opportunity for the incorporation of organic components into
device structures which opens up a new class of materials for device functionality. Molecular layers exhibit
multiple physical properties (transport properties, luminescence and chemical sensitivity)[13, 14] that
support the development of new device concepts like organic spin valves. Proximity effects and spin-orbit
coupling at interfaces play essential roles in determining the magnetic and transport characteristics of the
structure for molecular spintronics. An example of this is organic thin films grown on Cu which have
demonstrated spin filtering [15]. The organic components have other desirable properties such as a large
spin diffusion length and long spin lifetime[16, 17]. These, among other characteristics, motivate the
investigation for room-temperature quantum coherent spin manipulation using all-organic or hybrid
organic/inorganic structures.
The C60 fullerene molecule (Buckminsterfullerene) is a promising candidate in regards to molecular
spintronics. With a saturated, all-carbon bond network, C60 has weak spin-orbit coupling which can support
long spin diffusion paths that allow it to be used to examine spin interactions like spin-pumping. C60 /metal
interfaces have been shown to significantly change due to C60 being an efficient electron acceptor, making
it attractive for spintronic devices. One of the most unexpected spin-related properties of C60 is the
emergence of room-temperature ferromagnetism in multilayer films of C60 and non-ferromagnetic
transition metals such as Cu or Mn [11]. The magnetism in this system is interfacial in origin and scales
with the number of interfaces. To explore this effect, we used a combination of x-ray and neutron scattering
techniques to investigate the structural properties of the interfaces between the organic molecule and the

7

transition metal layer in two types of sample structures: Cu/C60 superlattice that is designed to maximize
the total magnetic moment and a Cu/C60 tri-layer sample that highlights the role of a single interface [18].
The emergence of room temperature ferromagnetism at the interface of C60 and a non-ferromagnetic
transition metal like Cu or Mn leads to intriguing questions of how would C60 affect a ferromagnetic
material like Fe or Co. At the interface between C60 and Co there is a zero bias charge transfer that is
accompanied by an exchange of spin polarization. This causes the C60 molecule to become ferromagnetic
which suppresses the moment of the ferromagnetic metal [19]. This unusual proximity effect that occurs at
the interface of thin Co films and adjacent C60 fullerene films initially has a field hysteresis loop that
exhibits asymmetry and broadens considerably at reduced temperatures. We examined these effects with
temperature dependent broadband ferromagnetic resonance to determine if the C60 derived anisotropy
affects the dynamical properties, i.e. resonant fields, damping and the spectroscopic g-factors, of the
Co/C60 system.
The second type of thin film magnetism being explored is multilayers made out of ferrimagnetic
rare-earth /transition Metal (RE/TM) alloys. These alloys can exhibit an unusual effect termed magnetic
compensation. Briefly, in RE/TM alloys (where typically TM = Fe or Co), the RE and TM moments are
oriented anti-parallel to each other and have a different temperature profile. Below the Curie temperature,
the volume magnetization of the TM atoms initially grows more rapidly than the RE moments, but at even
lower temperatures, the RE moments dominate the overall magnetization. Magnetic compensation occurs
at the temperature where the RE magnetization equals the TM magnetization (termed TMC ) and the net
magnetization is zero. TMC can vary over from 0 K to well over 300 K by modifying the RE:TM ratio over
a relatively small range [20].
A key question in such structures is the interface length between two TM/RE layers with different
RE content. That is, for a nominal bi-layer system where the bottom layer has TMC below room
temperature while the top layer has TMC above, how will the interface between the two layers behave?
Polarized Neutron Reflectometry (PNR) is an ideal tool to study this issue. PNR is a well-established
technique to examine the magnetic depth profile of materials and is particularly useful in determining the
magnetic scattering length density (mSLD) profile of magnetic thin films [21]. We can therefore construct
bi-layers, and more complicated structures, that present nearly identical nuclear scattering length density
(SLD) but where the magnetic SLD (mSLD) profile is modified significantly with temperature to determine
the extent of the magnetic interface in the sample.
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Once we have identified the parameters of the interface in bi-layer samples, we plan to explore some
more complicated structures. The first will be a temperature tuneable magnetic superlattice that has
alternating TM-RE layers with TMC above and well below room temperature. At room temperature, the
entire film will look magnetically and structurally uniform. However, when the sample is cooled to the TMC
of one of the layers, the sample will act as a magnetic superlattice. The second structure will consist of a
single layer that has a continuous variation of the RE content along the film normal direction and can be
referred to as a compositionally graded film. We expect to see an emergence of a magnetically “dead” layer,
where a region of the layer exhibits compensation at a specific temperature. The position of this “dead”
layer can be shifted by varying the temperature of the sample. The ability to manipulate the magnetism in
these samples by either varying the composition or the temperature opens up a wide range of applications.
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Chapter 2
Techniques

This chapter describes the different measurement techniques and sample preparation used for the
samples in this dissertation. We first talk about structural characterization techniques using thin film
reflectivity with x-rays and neutrons as the sources. Then, we focus on characterization methods to probe
the magnetism in the samples by using polarized neutron reflectometry, VSM and MOKE. We then
transition into dynamic magnetic measurements with ferromagnetic resonance. We conclude on sample
preparation using magnetron sputtering.
2.1

Thin Film Reflectivity
The characterization of thin films and surfaces to determine the quality of thin films has become of

increased importance when dealing with device functionality. The properties of these thin film devices are
strongly related to the structure. Thus, controlling the film thickness, interface roughness and density are
important to obtain the desired device properties. Scattering techniques have been developed using x-rays
or neutrons to probe the properties of the films [22, 23, 24, 25, 26]. A beam or either x-rays or neutrons is
directed onto a flat, laterally homogeneous object and the intensity of the reflected beam is recorded as a
⃗ = ⃗k f −⃗ki , where ⃗ki , ⃗k f are the initial and final
function of angle. The scattering vector Q is defined as Q
wavevectors respectively. For specular reflectivity, the incident and final angles are equal and all the
momentum transfer is perpendicular to the sample plane, Fig. 2-1 A. For this condition, the momentum
transfer, Qz , for a given wavelength, λ , is given by

Qz =

4π
sinθ
λ

where θ is the incident angle.
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(2.1)

Figure 2-1. (A) X-ray relfectivity geometry schematic and (B) shows the reflection of the incident beam off
the interfaces between materials resulting in constructive or deconstructive interference.

The reflection of x-rays or neutrons occurs at the interfaces between two materials and is primarily
seen as a discontinuity in the film depth profile or the depth profile of the films index of refraction [27].
The index of refraction is defined as

n = 1 − δ − iβ

(2.2)

where n is the index of refraction, δ is the refractive index decrement and β is the absorptive part of the
complex index and are defined below for x-rays.

δ=

ρe re λ 2
2π

(2.3)

µλ
4π

(2.4)

β=

ρe is the electron density of the material, re is the classical electron radius, µ is the linear absorption
coefficient and λ is the wavelength of the incident radiation. For neutrons, the above equations holds true if
ρe re is replaced with ρb, where b is the bound scattering length of the nucleus.
A property of x-rays and neutrons is that the refractive index is slightly less than 1. This means that
when the beam is directed at a flat surface, there can be total reflection. To observe total external reflection,
the angle of incidence, θ , which is the angle between the incident ray and the surface, has to be less than
the critical angle, θC . This angle can be obtained by using Snell-Descartes’ law and neglecting the
absorption, β , as
11

cos(θC ) = n = 1 − δ .

(2.5)

Since θC is small, the cos(θC ) can be approximated as1 − (θC )2 /2 and the above equation becomes

θC2 = 2δ

(2.6)

Total external reflection for x-rays, since δ depends on the electron or nuclear density of the material and is
typically in the range 10−5 -10−6 , is usually observed at angles θ <0.5◦ .
To understand what happens at other angles of incidence, the coefficient of reflection needs to be
considered. Assuming the small angle approximation, the coefficient of reflection can be written as the
following
q
θ 2 − θC2
q
r(θ ) =
θ + θ 2 − θC2
θ−

(2.7)

The reflectivity is defined at the square of the modulus of the reflection coefficient. When θ > θC the
reflectivity reduces to a simple asymptotic form

2



R=r =

2θ
θC

−4
(2.8)

The above result is for an ideal surface and shows that the reflectivity is strongly dependent on the
scattering vector and decreases as θ −4 when above θC . An example of a x-ray reflectivity pattern from a
silicon substrate is shown in Fig 2-2. A typical range of incident angles for a reflectivity measurement is
θ ≈ 0.1 − 6◦ which captures the critical angle along with large dynamic range that spans several orders of
magnitude.
Most surfaces and interfaces in real thin films are not ideal. Reflectometry is very sensitive to many
defects in the surface/interfaces in thin films which produce an unique pattern. The patterns can be modeled
and fit to extract the thickness, roughness and nuclear or electric scattering length density, depending on the
source, of the layers in a given film. For a thin film that has multiple layers, the incident beam is reflected
off the surface and interfaces, which is the boundary between the film and the substrate. The reflected beam
will exhibit interference effects that are related to layers properties, Fig. 2-1 B. Fig. 2-3 shows a simulation
of a typical x-ray reflectivty spectra for a single thin film grown on a substrate. Oscillations are apparent on
12

Figure 2-2. Simulation of X-ray reflectivity from a silicon substrate with ≈ 1 Å of roughness.
the reflectivity profile which is caused by the interference between the reflected beam off the surface of the
film and the interface between the film and the substrate. These oscillations are called Kiessig fringes and
the frequency which these occur is related to the layer thickness , t, by the equation below:

n=

2sinθm
t
λ

(2.9)

where θm is the incident angle, n is the number frequency and λ is the wavelength of the source which is
1.54 Å for most lab x-ray instruments.

Figure 2-3. (A) X-ray reflecitivity simulation of a single layer with ≈1 Å of roughness and thickness ≈ 100
Å. The Kiessig fringe number and location are extracted from (A). (B) The thickness of the
film is found by the slope of equation 2.9.
The amplitude of the thickness oscillations depends on the difference between the density of the film with
respect to the substrate. The larger the difference the higher the amplitude of the Kiessig fringes.
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In a bi-layer film, a sample that consists of two layers/films grown on top of each other, the
oscillations from both layers will be superimposed. Some of the oscillations are associated with the total
thickness of the film while others will correspond to the thickness of one individual layer. Interference of
the reflected rays from different interfaces can result in a complex beating pattern, Fig. 2-4.

Figure 2-4. X-ray reflecitivity simulation of a bi-layer sample where the high frequency oscillations are
associated with the total thickness of the film but the low frequency oscillations correspond to
the thickness of the bottom layer in the sample. This film consists of a bottom layer that is ≈
50Å thick with an SLD ≈ 100×10−6 /Å2 and the top layer with a SLD ≈ 50×10−6 /Å2 and ≈
400 Å thick.
Superlattice samples, i.e. samples with a repeated structure, exhibit thickness fringes that correspond
to the total thickness but also include a series of supperlattice Bragg peaks at theta values that correlate to
the superlattice period, Fig. 2-5. Because of the large number of interfaces when making a superlattice
structure, the reflections from the interfaces tend to be aligned with the superlattice period and
deconstructively interfere otherwise. The intensity of these superlattice Bragg peaks is proportional to the
number of repeats of the superlattice and the peaks become sharper with increasing repeats.
Thickness is only one factor that influences the observed reflectivity spectra. One of the most
important factors besides thickness is the roughness of the interfaces in the samples. Roughness is defined
as unevenness or deviation of the same surface due to hills and valleys from the surface normal plane. The
roughness of the sample drastically changes the reflectivity pattern due to scattering into nonspecular
direction. When the sample has an increased surface roughness, the overall intensity of the spectra
decreases more rapidly, Fig.2-6. With increased interfacial roughness the amplitude of the Kiessig fringes
14

Figure 2-5. X-ray relfectivity simulations of a superlattice sample that consists of 10 repeats a bi-layer
structure. Both layers in the bi-layer are ≈ 50 Å with scattering length densities of 50 and 100
×10−6 /Å2 .
is also reduced.

Figure 2-6. XRR simulations for a single layer with roughness of σ ≈1 Å (black) and σ ≈ 5 Å (red) with a
thickness ≈ 100 Å.

For reflectivity measurements, the sources used in this dissertation are either x-rays or neutrons.
However both methods provide similar information about the samples physical structure. Independent of
the source, the interference patterns of the spectra provide insight into the scattering length depth profile of
the sample, that is, the structural parameters of the sample as a function of depth. X-rays are scattered by
an atom using long-range interactions with the electron orbitals and this will provide the electron scattering
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length density (SLD), ρ. The magnitude of the SLD for x-rays is proportional to the atomic number Z by
the following equation
n

∑ Zre

ρe =

i=1

Vm

(2.10)

where re is the classical radius of the electron and Z is the atomic number of the ith atom in the molecular
volume Vm and is always a positive number. The x-ray source used for the measurements in this document
were Cu Kα which has an energy of 8.04 keV and produces a wavelength of 1.5406 Å.
2.2

Polarized Neutron Reflectometry
Polarized neutron reflectometry (PNR) is a well-established technique to examine the nuclear and

magnetic depth profile of materials [23]. Neutrons scatter off the nuclear potential and the scattering length
density depends on the coherent scattering length, b. Neutrons are also able to determine the magnetic
scattering length density (mSLD) because they posses a magnetic dipole moment. The magnetic dipole
moment, µn , is due to their quantum mechanical spin where

µn = −1.913µN

(2.11)

and

µN =

eh̄
2mP

(2.12)

is called the nuclear magnetron. With a spin of 1/2, the magnetic dipole can only adopt two configurations
with respect to the external magnetic field; parallel named ”spin up” or anti-parallel also known as
”spin-down”. In addition to the nuclear scattering, neutrons can be scattered by magnetic interactions
between the dipole moment and the magnetic components of the sample. Since the latter comes from the
unpaired electrons in the outer shell of the atoms, the magnetic scattering length density is ion specific and
does not increase monotonically with atomic number. Features in the scattered intensity such as peak
positions and differences in the signals, along with modeling, can be used to determine the nuclear
scattering length density profile, magnetic scattering length density profile and the individual layer
thicknesses and interface roughness.
A polarized neutron reflectometer is an instrument where a polarized beam of neutrons strikes a
sample surface at an angle ai and is reflected from the surface at an angle a f which is similar to x-rays as
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shown in Fig. 2-1 A. A typical schematic of a polarized neutron reflectometer is shown in Fig. 2-7 with the
source being on the right and the detector being on the left. Polarizing mirrors and/or flat-coil spin flippers
are used to control the polarization state of the neutrons before and after hitting the sample. The first
polarizing mirror is used to polarize the incoming neutrons either parallel, R+ , or anti-parallel, R− to the
external magnetic field at the sample position. The polarized neutrons are then reflected off the samples
and pass through a second polarizing mirror that selects the corresponding spin state through to the
detector. The reflectivities are characterized by the directions of the neutron polarization before and after
the sample with respect to the applied field. R++ and R−− correspond to the neutrons being polarized
parallel or anti-parallel to the external magnetic field, allowing the neutrons with the same spin state as the
incident beam to go into the detector and are known as the non-spin flip channels. R+− and R−+ are similar
to the first two cross sections by polarizing the incident beam either parallel or anti-parallel respectively to
the external magnetic field, but when reflected from the sample, only the spins that have flipped direction
are allowed to reach the detector, hence R+− and R−+ are referred to as the spin-flip cross sections [21].

Figure 2-7. Schematic of a typical polarized neutron reflectometer with the source on the left and the
detector on the right.
The non-spin flip cross section, R++ and R−− , provide information on magnetism parallel to the
applied field. The ability to obtain R+− and R−+ cross sections implies that the spins have changed
polarization due to interactions with magnetic moments in the sample. This occurs for a few reasons,
including sample magnetism not aligned with the applied magnetic field. For a non-magnetic sample, the
non-spin flip cross sections (R++ and R−− ) are identical to each other and there would be no spin-flip
scattering (R+− and R−+ ). For a magnetic sample, R++ and R−− are split from each other and the
magnitude of the splitting is determined by the strength and sign of the magnetization. A convenient way to
look at the change in the magnetism of the sample is by looking at the spin asymmetry (SA) which is
defined as
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SA =

R++ − R−−
.
R++ + R−−

(2.13)

If the magnetism in the thin film is not completely parallel to the applied magnetic field, there will be
some spin-flip scattering. This occurs, for example, when the domain pattern is not saturated into a single
domain aligned with the external magnetic field However, spin-flip usually has a much lower intensity than
the non-spin flip cross sections and can be hard to detect given instrumentation limitations [28, 29, 30].
There are two types of neutron sources, spallation and cold neutron. A reflectometer operating at a
cold neutron source is similar to a x-ray 2θ -θ reflectometer as there is a fixed wavelength and the incident
angle is varied until the desired Q-range is acquired [31]. For a spallation source, neutrons are produced in
short burst, or pulses, that contain a range of wavelengths. This type of source is suited for a time-of-flight
measurement which is when the instrument is kept at a fixed angle and the Q-range is obtained from the
range of wavelengths in the pulse [32]. To obtain the entire Q-range for a typical measurement, the incident
angle would need to be adjusted only 2-3 times instead of constantly for the cold neutron source. Polarized
neutron reflectometry measurements were performed for this dissertation at the Polarized Beam
reflectometer at the NIST Center for Neutron Research, which is a cold neutron source with a fixed
wavelength of 4.75 Å. Data were also collected on MagRef instrument at Oak Ridge National Laboratory
and PolRef at the ISIS neutron and muon source; these are both spallation sources. Both x-ray and neutron
reflectometry spectra were analyzed using Refl1d analysis software which calculates the reflectivity from a
1-D solution to the Schrödinger wave equation using the Parratt formalism [6] which relates the reflected
and transmitted amplitudes of the beam. This was developed at the NIST Center for Neutron Research
(NCNR).
2.3

X-ray Diffraction
X-ray diffraction (XRD) is a characterization technique that is non-destructive and probes the

periodic atomic structure of the sample [33]. From the XRD pattern, the crystal structure, lattice spacing
and phase of the material can be determined based on the location and width of the diffraction peaks. Just
like XRR, a Cu Kα source is directed incident on a sample and the reflected intensity is measured.
However, the reflective intensity is not due to the layer thickness and roughness but to the crystal symmetry
and lattice spacing of the material. The intensity peaks, or Bragg peaks, occur from the incident angle of
the x-rays being equal to the scattering angle. When the path length difference of the x-rays is an integer
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multiple of the wavelength, these conditions form a simple equation that relates the integer multiple of the
wavelength, nλ to the angle of the scattering x-ray, θ by

nλ = 2dsin(θ )

(2.14)

where d is the periodic lattice spacing.
During a typical XRD measurement, the source is kept stationary while the sample and detector
move together to scan the desired 2θ range which is typically from 20-80 degrees. This is done so that the
incident angle is always half of the diffracting angle, 2θ . However, if the material is amorphous, which
means they exhibit no crystalline order, like the materials in chapter 5, the XRD measurement will show no
peaks since the Bragg condition is not satisfied.
2.4

Ferromagnetic Resonance
Understanding magnetization dynamics is fundamental when dealing with magnetic materials

[34, 35, 36, 37]. In 1935, Landau and Lifshitz introduced a model that describes what an effective magnetic
field, He f f , does to the magnetization. The magnetization is described by
∂M
⃗ × µ0 H⃗e f f
= −γ M
∂t

(2.15)

where γ is the gyromagnetic ratio and µ0 is the permeability of free space. The effective magnetic field
exerts a torque on the magnetization which causes it to precess about the effective magnetic field at the
Larmor frequency ω = γ µ0 He f f as shown in Fig. 2-8 A. The angle that the magnetization precesses about
the effective magnetic field is known as the cone angle shown in Fig 2-8 B. However, the equation does not
realistically describe the magnetization precession in a magnetic field since the magnetization would never
fully align to the magnetic field. Thus the equation needed to be modified to include damping.
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Figure 2-8. Precession of the magnetization dynamics without damping when in an effective magnetic field.

In 1955, Gilbert added a damping term that is perpendicular to the magnetization vector and
proportional to the change in time of the magnetization.The damping torque is parameterized by the
dimensionless Gilbert damping parameter α. With this additional term, the magnetization precesses about
the effective magnetic field at the Larmor frequency but now also spirals inward, Fig. 2-9, until the
magnetization aligns with the effective magnetic field. The equation properly describes the physical
precession and the damping of a ferromagnetic system and is known as the Landau-Lifshitz-Gilbert (LLG)
equation shown below.
∂M
⃗ × µ0 H⃗e f f + α
= −γ M
∂t
Ms
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∂M
⃗
M×
∂t

(2.16)

Figure 2-9. (A) Precession of the magnetization dynamics with damping when in an effective magnetic
field. (B) Represents the cone angle about the effective magnetic field .
For ferromagnetic resonance (FMR) measurements a small microwave field, Hr f , at a fixed
frequency is used to excite the magnetization. While the magnetization is excited, an external DC magnetic
field is applied to the sample perpendicular to Hr f which allows us to change the Larmor precessional
frequency. When that precessional frequency coincides with the fixed microwave frequency, the sample
undergoes ferromagnetic resonance which is detected as an increase in the microwave losses.
There are two ways to apply the microwave excitation frequency to the magnetic sample: a
microwave cavity or a coplanar waveguide (CPW). A microwave cavity utilizes a microwave signal at a
fixed frequency and the applied external DC magnetic field is applied to the sample while it is in the cavity.
While sweeping the magnetic field from high to low values, the microwave absorption by the sample is
detected with a microwave diode. The microwave losses are described by a Lorentzian-shape absorption
spectrum that is centered around the resonance field, Hres , and have a finite width, ∆H and is given by the
following asymmetric absorption function

′′

′

cosε χ + sinε χ ∼

∆Hcosε + (H − Hres )sinε
∆H 2 + (H − Hres )2
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(2.17)

′

′′

where χ and χ are the real and imaginary components of the susceptibility respectively and ε is the
′

′′

mixing angle between χ and χ [36]. The microwave cavity is useful when the sample has a small
magnetic signal because it excites the entire sample but it is limited to a single resonant frequency of the
microwave cavity. A coplanar waveguide is useful because it accepts a variety of frequencies. By looking
at FMR measurements with a broad band of frequencies, the intrinsic and extrinsic contributions to the
linewidth can be separated allowing the determination of the intrinsic Gilbert damping.

Figure 2-10. Picture of a sample mounted on a CPW with the external field perpendicular to HRF for FMR
to be possible.
We will be focusing on FMR measurements obtained by using a broadband CPW-based FMR
spectrometer and a schematic of the setup is shown in Fig. 2-11. A ferromagnetic thin film is placed film
side down on top of the center of the CPW shown in Fig. 2-10. The CPW is then placed between the poles
of an electromagnet such that the applied field from the magnet will be perpendicular to the microwaves. A
radio frequency (RF) generator is used to produce low-powered microwaves with a frequency range of 2-40
GHz that are delivered to the sample by the CPW. The transmitted RF power, which will take into account
the amount of microwaves absorbed by the sample and CPW, is detected using the microwave diode. The
external DC magnetic field is measured by a Hall probe that is calibrated before the measurement. A pair
of Helmholtz coils are attached to the pole pieces of the electromagnet and is used to weakly modulate the
external DC magnetic field at a frequency in the range of 100-400 Hz. The small modulation is seen via an
AC component of the RF detector voltage and is detected with a lock-in amplifier. This causes the signal to
be proportional to the field derivative of the asymmetric absorption function given by
′′

′

d[cosε χ + sinε χ ] −2(H − Hres )∆Hcosε [∆H 2 − (H − Hres )2 ]sinε
∼
−
dH
[∆H 2 + (H − Hres )2 ]2
[∆H 2 + (H − Hres )2 ]2
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(2.18)

Figure 2-11. Block diagram of the coplanar waveguide (CPW) FMR setup.
The above equation can be used to fit the FMR absoption spectra to extract the resonant field which
is related to the magnetization and the anisotropy of the sample and the line width which provides
information on the damping, Fig. 2-12.

Figure 2-12. Example of a typical FMR spectra produced by our experimental setup. The resonance
frequency, where the signal crosses zero, and the linewidth, the change in field between the
two peaks, can be extracted.
The measurements taken in Chapter 4 use a broadband coplanar waveguide to measure FMR at a
range of frequencies from 2-40 GHz. If we assume small angle magnetization motion, the resonant
frequency, f, can be given by the Kittel formula derived from the linearized LLG equation. For an in-plane
FMR measurement, when the external magnetic field is applied to be along the sample plane, the Kittel
formula is
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f=

γ µ0 p
(Hres + Hk + Ms )(Hres + Ms )
2π

(2.19)

where Hk is the in-plane anisotropy field. When the magnetic field is applied perpendicular to the sample
plane, this is called an out-of-plane FMR measurement where

f=

γ µ0
(Hres − HK − Ms )
2π

(2.20)

The linewidth, ∆H, of the FMR absorption spectra increases with increasing frequency and the
dependence of the linewidth on the frequency is related to the Gilbert damping parameter, α, by

∆H =

4π
α f + ∆H0
γ

(2.21)

where ∆H0 is the inhomogeneous broadening. Fig 2-13-A shows the data of a typical FMR measurements
taken from 4-32 GHz along with the corresponding fits to Eq 2.18. The extracted resonance fields as a
function of frequency are plotted in Fig 2-13-B and fit using Eq 2.19. The frequency as a function of
linewidth is fit using Eq. 2.21 to extract the damping and inhomogenous broading contributions, Fig
2-13-C.

Figure 2-13. (A) A set of FMR measurements and fits as a functions of frequency taken at 300K. The
resonance field and linewidth for each frequency is determined. (B) Resonance frequency is
plotted as a functions of temperature and fit to Eq. 2.19 and (C) frequency is plotted as a
function of linewidth and fit to Eq. 2.21.
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FMR measurements were primarily performed using a Quantum Design DynaCool Physical
Property Measurement System (PPMS) equipped with a co-planar waveguide. This PPMS is able to
produce magnetic fields up to ± 9T and a temperature range of 1.8K-400K. Each measurement, unless
otherwise specified, consisted of the samples being saturated first and then the FMR signal was measured
while the field was swept from high field to low field over the desired range.
2.5

Vibrating Sample Magnetometer
A way to obtain the net magnetic moments of thin films as a function of field or temperature is by

using a vibrating sample magnetometer (VSM) [38]. A VSM is based on Faraday’s law of induction where
a change in magnetic flux through a coil will induce a voltage on that coil. Thus, if a vibrating magnetic
sample is placed between two pick up coils, an induced AC voltage on those coils will be the result of the
magnetism in the sample. For a VSM, the voltage on the coil when the sample is oscillating sinusoidally is
given by

Vcoil = 2π fCmA sin(2π f t)

(2.22)

where C is a coupling constant, A is the amplitude of the oscillation, f is the frequency of the oscillation
and m is the DC magnetic moment of the sample. The magnetic moment of the sample is then measured by
either a function of applied field , M vs. H, or as a function of temperature, M vs. T.
During M vs. H measurements, samples that are ferromagnetic or ferrimagnetic produce a hysteresis
loop. From the hysteresis loop, important information about the sample’s magnetic properties can be
determined. The magnitude of the coercive field provides insight into the sample’s anisotropy. The
remanance ratio, which is Mr /Ms , provides insight on the shape of the hysteresis loop or how quickly the
magnetism reaches saturation which can be used to determine how magnetically hard or soft a film is.
Another way to measure a sample using a VSM, is by applying a magnetic field and measuring the
moment as a function of temperature called an M vs. T measurement. For the measurements in this work,
the samples were in a saturated state using a 1T magnetic field and measured from 10K -350K. These
measurements were performed at the University of South Florida using the Quantum Design DynaCool
Physical Property Measurement System (PPMS) equipped with a vibrating sample magnetometer.
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2.6

Magneto-optical Kerr Effect
The magneto-optical Kerr effect (MOKE) is a characterization method used to study the magnetic

properties of thin films. MOKE is an electro-magnetic phenomenon that occurs when linearly polarized
light is reflected from a magnetic material [39, 40, 41]. In 1845, Faraday showed that when polarized light
passes through glass that has been placed in a magnetic field, the light emerges with its polarization axis
rotated. This is known as the Faraday effect. Similar to Faraday’s effect, John Kerr discovered in 1877 that
when polarized light is reflected off a polished electromanet pole piece that the polarization plane is rotated
and termed this as the Kerr effect. Due to spin-orbit interactions, when a linearly polarized light is incident
on a magnetic material, the reflecting light will become ellisoidally polarized and the polarization axis will
be rotated. The rotation of the axis is referred to as Kerr rotation and is proportional to the magnetization of
the reflected material. The change of the polarization of the reflected light can be shown using a general
dielectric tensor,




iQz −iQy 
 1


ε =ε
1
iQx 
 −iQz



iQy −iQx
1

(2.23)

where Q = (Qx , Qy , Qz ) and is known as the Voigt vector. In an isotropic medium, the Voigt vector is
aligned with the magnetic field and the magnitude is dependent on the material. The off-diagonal terms
contribute to the magneto-optic effects and leads to two circularly polarized normal modes defined as
ε± = ε(1 ± Q · k̂) where k̂ is the direction of propagation of the light. These circular modes travel with two
different velocities within the medium. When the waves emerge, the two modes combine, producing a
rotated axis of polarization. The two modes also attenuate differently which leads to the combined signal
being slightly elliptical upon reflection.
The direction of the polarization of the light can be defined in two directions, s and p. P polarized
light is defined by the electric field being parallel to the plane of incidence and s polarized light is when the
electric field is perpendicular to the plane of incidence. There are three MOKE geometries defined by the
direction of the applied field with respect to the incident light: longitudinal, polar and transverse, shown in
Fig 2-14 A-C respectively. Our measurements are done in the longitudinal MOKE configuration where the
magnetization is parallel to the scattering plane (p polarized).
For our measurement setup, we wanted to detect the magnetism in the plane of the sample. With this
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Figure 2-14. Diagram of the 3 MOKE orientation, A-Longitudinal, B-Polar and C- Transverse, with
respect to the direction of the magnetic field.
in mind, we configured our MOKE apparatus to be in the longitudinal geometry. The experimental layout
of our in lab MOKE setup is shown in Fig. 2-15 and consists of a light source, two polarizers, a optical
chopper, an electromagnet and a photodiode detector. The light source is a linearly polarized HeNe laser
with a wavelength of 633nm and 1mW power. The first polarizer defines the polarization of the light
incident on the sample which is typically set up to have p polarized light such that the polarization plane is
in the scattering plane. The second polarizer is set to be almost orthogonal, s polarized, to detect the
rotation of the polarization vector after reflecting from the sample and is known as an analyzer. The beam
is then directed into a photodiode detector where the intensity of the light is converted to a voltage, which
is recorded as the magnetic field is varied. To increase the signal quality, we have an optical chopper that
we set at a fixed frequency and the signal of the photodetctor is filtered through a lock-in amplifier so that
only the reflected light modulated at that fixed frequency is recorded.

Figure 2-15. Block diagram of a typical longitudinal MOKE setup.
Similar to VSM measurements, MOKE can be used to measure the magnetic moment of the sample
as a function of applied magnetic field. However, the origin of MOKE comes from the electromagnetic
field of the linearly polarized light interacting with the spin polarized electrons at the Fermi level of a
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magnetic material changing the index of refraction for the polarized light. This change in the index of
refraction causes a reduction in the velocity of the reflected light such than, when combined after reflection
the polarization is rotated by the Kerr rotation which is based on the direction of the spins at the Fermi
level. Thus, we are only measuring the direction of the spins at the Fermi level during these measurements
and not the total net moment aligned with the applied field like in VSM measurements. Because of this, we
are able to determine if the spins are the Fermi level are parallel or anti-parallel to the applied magnetic
field by the direction of the hysteresis loop during the MOKE measurement. This is important for
ferrimagnetic alloys where the direction of the spins at the Fermi level can change given a variation in the
composition. The measurements conducted in Chapter 5 were performed at the University of South Florida
on the homemade MOKE setup built and programmed by the author of this dissertation.
2.7

Magnetron Sputter System
Magnetron sputter deposition is a physical vapor deposition (PVD) process and is known as a

flexible, reliable and effective method for depositing thin films [42, 43]. Sputtering is a process on which
atoms are ejected by high energy particles from a source material or target and deposited on a substrate.
The sputtering process begins with a substrate, typically silicon or magnesium oxide in this thesis, being
placed into a high vacuum chamber at pressures below 1 ×10−7 Torr to eliminate any potential
contaminants. The chamber is then filled with an inert gas, typically Argon, to a sputtering pressure
between 1 ×10−3 to 3 ×10−2 Torr.
A high voltage is applied between the cathode which is commonly located behind the sputtering
target and the anode which is connected to the chamber as the electrical ground. The anode is used as an
outside shielding to the sputtering gun and the space between the target surface and the anode is in the
millimeter range, Fig. 2-16. The electrons that are present in the inert sputtering gas are accelerated away
from the cathode resulting in collisions with the nearby atoms within the sputtering gas. These collisions
caused by the electrostatic repulsion ”knock off” electrons, resulting in the ionization of the sputtering gas.
The positively ionized sputtering gas atoms are now attracted to the negatively charged cathode, leading to
high energy collisions with the surface of the target material. Each one of these collisions can lead to atoms
on the surface of the target material to be ejected with enough kinetic energy to land on the surface of the
substrate. How quickly the target material reaches the substrate is known as the deposition rate and is
important in making high quality films.

28

Figure 2-16. Cross sectional view of a magnetron sputter gun.
A magnetron sputtering source takes advantage of the above process by introducing a magnetic field
on the surface of the target by placing planar magnets behind the cathode, Fig. 2-16. This increases the
plasma density resulting in an increase in the sputtering rate. The strength of these magnetic fields can vary
for each gun and can determine the type of material that can be sputtered efficiently from that gun. A
strong magnetic field is needed for magnetic materials while a weaker magnetic field can be used for
insulating materials. Regardless of the magnetic field strength, there is still an interaction between the
magnetic field and the electric field which causes the electrons to spiral or form a ”race track” near the
surface of the target, Fig 2-17.
There are 3 common types of power sources used to produce the electric field during magnetron
sputtering, direct current (DC), pulsed direct current (PDC) and radio frequency (RF). DC sputtering is the
simplest method. This method is primarily used for metals and electrically conductive materials. For other
materials, like dielectric insulating materials, charge will build up over time which causes quality issues
like arcing or poisoning. Arcing is where large portions of the materials are ejected from the target.
Poisoning is where the entire surface of the target builds up with a charge resulting in the termination of the
sputtering process. To overcome these issues, more complicated sputtering methods were developed such
as radio frequency (RF) sputtering and pulsed direct current (PDC) sputtering. RF sputtering prevents the
build up of charge by alternating the current at a specific radio frequency which allows for the deposition if
insulating materials but this method can be used for metals as well. Because of the alternating current, the
width and depth of the ”race track” is wider and shallower than the DC sputtering method allowing for a
more efficient and uniform use of the target material. This method may seem like the better method overall,
but due to the RF power supply, the deposition rates are considerably slower than its DC counterpart.
Another sputtering method uses a pulsed DC power supply which is typically used, similarly to RF, when
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Figure 2-17. Race track visible in a plume of plasma (top) and physical target (bottom).
depositing non-conductive materials to prevent arcing. The pulsed DC method works by having an
asymmetric bipolar waveform where the negative voltage is wider with a larger amplitude than the positive
”pulse”. The sputtering occurs when the voltage is negative and the positive pulse discharges the target.
With typical pulse rates being 10-250 kHz, the majority of the cycle is spent in sputter mode which allows
deposition rates to be comparable to DC sputtering.
To produce quality thin films, each material needs to be calibrated to determine the rate at which
material is being deposited for a given sputtering conditions, i.e. sputtering power, sputtering pressure,
substrate rotation, temperature etc. Typical calibrations were performed by keeping the deposition
pressure, substrate rotation and temperature constant, while varying the applied power to the target
material. Given a set deposition time, the user measures the thickness of the sample with XRR and
calculates the rate for that given condition. For each material, the rate is determined for at least 4 different
power conditions to be able to get the overall trend of the rate as the power is varied. This process has to be
done frequently because as the target is being used, it starts to develop a ”race track”. The ”race track”
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causes the rate at which the material is deposited to change. Monitoring the rates as the target is being used
allows for the production of high quality films and also prevents the user from sputtering through the target
that can cause irreversible damage to the sputtering gun.
The first two projects discussed in Chapter 3 and Chapter 4 pertain to samples made with molecular
carbon. These samples were grown by collaborators at the University of Leeds using a combination of DC
magnetron sputtering and in situ thermal sublimation. For the later project, Chapter 5, involving rare-earth/
transition metal alloys, these samples were grown at the University of South Florida using a combination of
RF, DC and PDC magnetron sputter deposition. A large part of the work on the RE/TM alloys was to
develop a standard growth procedure to produce high quality samples with specific magnetic properties that
strongly depended on the RE:TM ratio.
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Chapter 3
Structural studies of magnetic C60 /Cu multilayers

3.1

Introduction
Molecular spintronics examines the physical properties that can lead to the incorporation of organic

components into magnetic device structures. This opens up an entirely new class of materials for device
functionality. The flexibility of physical parameters (i.e. transport properties, luminescence and chemical
sensitivity)[13, 14] due to the molecular active layers provide a pathway into the development of new
device concepts like the spin-sensitive organic light emitting diodes [44]. These organic components
possess desirable properties for spin applications such as both a long spin diffusion length and a long spin
lifetime [16, 17]. These, and many other factors motivate the investigation into organic or
organic/inorganic hybrid structures that can be a basis for important new applications such as the
development quantum coherent spin manipulation.
A molecular species that is noteworthy is the C60 fullerene molecule. The electron transport for this
molecule is mainly due to electron hopping [45], which reduces Eliot-Yafet type of spin depolarization.
C60 has a saturated, all-carbon bond network without hydrogen and has a weak spin-orbit coupling. These
characteristics result in low contributions to spin dephasing and spin memory loss from spin-orbit coupling
and hyperfine interactions [16]. These effects support the development of long spin diffusion paths in C60
which allows the material to be used to examine non-local spin interactions like spin-pumping [46]. C60 is
also a considerable electron acceptor that can produce significant changes to the electronic structure of C60
/ metal interfaces[47]. Such features of C60 for spintronics have been investigated in devices such as spin
values where a robust room-temperature magneto-resistance has been reported in a hybrid Co/C60
/Al-oxide/Fe3 O4 spin valve [48].
One of the most intriguing and unexpected spin-related properties of C60 is the emergence of
room-temperature magnetism in multilayer films of C60 and non-ferromagnetic transition metals such as
Cu and Mn. As shown in Fig 3-1, the magnetism in these systems is interfacial in origin. A sample of C60
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/Cu has a ferromagnetic signal whereas the ferromagnetic signal of a sample with the structure of C60
/Al/Cu is essentially zero. The interfacial magnetism is four times larger in C60 / Cu than C60 / Mn films.
Thin film C60 forms a van der Waals bonded fcc lattice that is a relativity poor lattice parameter match with
the adjacent metal film and the magnetic effect scales with the number of interfaces. Thus, new information
on the C60 / Cu interface will provide important insight into understanding the unusual magnetism in these
materials.

Figure 3-1. From [11], room temperature magnetization for a Ta(5)/[[C60 (15)/Cu(2)]×5]/Al(5) and
Ta(5)/[C60 (15)/Al(5)/Cu(2)/Al(3)×5] sample, the thickness in parenthesis are in nanometers.
The presence of the Al spacer decouples the Cu/C60 and eliminates the emergent magnetism.
To better understand the origin of unexpected emergent ferromagnetism at the interface of C60 /
metal, we conducted a series of detailed structural studies of C60 / Cu multilayer samples. We used a
combination of x-ray and neutron scattering techniques to investigate the evolution of the interface between
the organic molecule and the transition metal in two types of structures: C60 / Cu superlattice that was
designed to maximize the total magnetic moment and produce superlattice Bragg peaks and a trilayer
structure to emphasize the role of a single interface.
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3.2

Samples
We conducted an in depth structural study on two types of sample structures. The superlattice (SL)

structure has repeated C60 / Cu layers: SiOx[1000] / (C60 [100] / Cu [25])×5 / Al[80] (brackets denote the
thickness in Å). The tri-layer (TL) sample has a simpler structure of SiOx[30] / Ta [25] / C60 [100] / Cu
[35] / C60 [100] / Au [100]. Additionally, we examined a third sample (TL 2) with a similar structure to the
tri-layer sample but with the C60 layers doubled in thickness: SiOx[30] / Ta [25] / C60 [200] / Cu [35] / C60
[200] / Au [100]. The SiOx layer for both the tri-layer samples is a native oxide however for the SL sample
it is a thermally grown oxide.
The relatively thick capping layers are important for the minimization of oxidation of the transition
metal films and to preserve the critical transition metal/C60 interface. Also, the first few Å of the cap layers
were grown at a lower power to minimize the diffusion of the cap and the C60 layers. Deposition rates were
then increased for the cap layers to complete the structure however this may result in a variation of the
density in the cap layer which is considered in the modeling below. The metallic layers were deposited via
DC magnetron sputtering, while the C60 films were deposited via thermal evaporation.
3.3

Methods and Measurements
Magnetic properties of the samples are determined using a superconducting quantum interference

device operated as a vibrating sample magnetometer (SQUID-VSM) with a sensitivity of ∼ 10−8 emu.
Both the SL and TL samples showed long-range magnetic ordering originating from the C60 / Cu
interfaces. Field hysteresis loops were measured on both samples. The saturation magnetization of the SL
sample was ∼ 5 · 10−6 emu, Fig 3-2-A, which translates to a moment per interface per unit area of
∼ 2.3 · 10−6 emu / cm2 . The TL sample has a smaller magnetic signal of around 1.1 · 10−6 emu, Fig 3-2-B ,
which corresponds to an interfacial moment of about 2.4 · 10−7 emu / cm2 . Since the magnetization scales
with the number of interfaces, the TL saturation magnetization is about 5 times smaller than the SL sample.
However, the remanence ratio is similar for both samples at ∼ 2.7-3.
We investigated the bulk structure using high angle x-ray diffraction (XRD) to examine the crystal
structure/symmetry of the sample layers. The thicker C60 layers in the tri-layer 2 (TL2) sample allowed for
the collection of high angle diffraction pattern from the molecular layer, Fig 3-3. There are strong XRD
peaks at ∼ 33◦ and ∼ 38◦ that index to Ta (200) and Au (111) respectively. Scattering from the molecular
film was weak, but a clearly defined C60 peak at ∼ 11◦ can be seen in Fig. 3-3. The peak indexes to the
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(111) reflection of a closed-packed face centered cubic type structure with a lattice parameter of aC60 ∼ 14
Å which is similar to values reported for C60 powders and thermally evaporated films [49]. The diffraction
peak width suggests that the grain size is about 160 Å for the 200 Å C60 layer. The high angle XRD
indicates that the C60 molecules form a large-grain close-packed structure but with a large lattice mismatch
to the adjacent Cu layers with a lattice parameter aCu ∼ 3.61 Å.
A combination of low angle x-ray scattering and neutron scattering was used to obtain the structural
profile of the TL and SL samples. The low angle x-ray reflectivity (XRR) scans were conducted using Cu
K-α radiation over an angular range of 0 degrees to 6 degrees. Neutron reflectivity (NR) scans were
obtained at two different facilities: the polarized beam reflectometer (PBR) instrument at the NIST Center
for Neutron Research (NCNR) in Gaithersburg, MD, USA and at the PolRef beam line at the ISIS Neutron
and Muon Source in Didcot, UK. The reflectivity scans for the SL sample were recorded at the PBR
instrument and the TL sample was measured using PolRef.
Low angle XRR and NR are both used to probe the structural properties of the individual layers in
the sample such as the thickness, roughness and x-ray and neutron scattering length densities (SLD). By
using an incident neutron beam with polarized spins and analyzing the spins of the reflected beam, details
on the magnetic depth profiles can be determined. In samples with weak magnetization, like our samples,
PNR is completely dominated by the scattering from the structure of the sample making it almost the same
as NR [21].

1.0

(A) SL
Normalized Moment

Normalized Moment

1.0
0.5
0.0
0.5
1.0

50

25
0
25
Magnetic field (A/m)

0.5
0.0
0.5
1.0

50

(B) TL

50

25
0
25
Magnetic field (A/m)

50

Figure 3-2. Field hysteresis curves for the superlattice (SL, panel A) and tri-layer (TL, panel B) samples,
normalized to the saturation moment. The SL data are a half-loop acquired just prior to the
neutron measurements. The average interfacial moment per unit area is 2.3 · 10−6 emu / cm2
for the SL sample and 2.4 · 10−7 emu / cm2 for the TL sample.
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3.4

Results
The XRR and NR data shown in black and the best fit models shown as red dashed lines for both

samples are shown in Fig. 3-4. The XRR and NR data were modeled with the Refl1D specular reflectivity
modeling software [50] that allows the user to input nominal thickness, roughness and SLD and fit to the
data acquired. The fit parameters for the structural models are shown in Table 2.1 and 2.2. The confidence
of the structural parameters are highly dependent on the constraints in the model used to fit the data and are
discussed below.
The XRR data for the SL structure were obtained over the Q range of 0.007-0.4 Å−1 (Fig. 3-4-A).
The XRR data show high frequency Kiessig fringes reflecting from the total thickness of the SL structure
and superlattice Bragg peaks. Superlattice Bragg peaks have an increase in the intensity of the scattering
signal of almost an order of magnitude which is an important feature when dealing with a weakly magnetic
sample. The prominent superlattice Bragg peaks in the XRR scans are located at Q ∼0.06 Å−1 and 0.11
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Å−1 and a weaker peak at 0.22 Å−1 . The NR data presented in Fig. 3-4-B was taken at NIST-PBR for the
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Figure 3-3. High angle, out-of-plane XRD showing C60 (111) peak at ∼11◦ , Ta (200) at ∼33◦ and Au(111)
at ∼38◦ . Insert: expanded scale around the C60 (111) peak. Grain size derived from the C60
peak width is about 16 nm.

36

SL sample and was acquired over a shorter Q range from 0.01-0.1 Å−1 . In the NR data, the high frequency
Kiessig fringes are still present, but the expected superlattice Bragg peak at 0.06 Å−1 is absent. This may
be due to differences between the x-ray and neutron measurement equipment, variations in the SLD of the
materials or interfacial roughness.
The analysis of the SL was complicated by the large number of individual layers in the sample.
Modeling and fitting for the full SL structure without constraints resulted in unrealistic values for the
structural and material parameters. However, a pattern emerged in the modeling suggesting that there is a
large variation in the thickness and roughness of the top C60 and Cu layers but the interfacial roughness of
the C60 → Cu and Cu → C60 for the bottom four repeated layers appeared similar. These observations
allowed us to reduce the number of free parameters in the final model by applying a number of constraints.
We required that the parameters for the bottom four repeats of the (C60 / Cu) double layer to be identical
but the top C60 and Cu layers were free to vary. Even with the model being simplified, it was difficult to
obtain a satisfactory fit for both the XRR and NR data using a single set of parameters. We performed
individual fits of the XRR and NR that resulted in a small variation in the thickness and roughness for
different layers. From the modeling of the x-ray and neutron reflectivities, the cap layer for the SL sample
appeared to not be a monolithic Al slab. Recalling that the Al cap was deposited in two steps (low
power/high power), we modeled the cap layer as a slab of metallic Al with a layer of Al-oxide (Al2 O3 ) on
top. The Al-oxide layer was chosen because simulations that had two Al layers with different densities did
not reproduce the data as well.
The results of the structural model for the SL are represented by the red dashed lines in Fig. 3-4-A
and 3-4-B and the resulting SLD profile is shown in Fig. 3-5. The numerical fit values are presented in
Table 2.1 and the SLD calculated values for the different materials are within ∼10% of the nominal values.
The XRR and NR models are in good agreement and present some key insights into the sample structure.
The XRR model reproduces the first two superlattice Bragg peaks at Q ∼0.06 and 0.11 Å−1 but suggests
that a weaker Bragg peak should appear at Q ∼0.16 Å−1 and does not reproduce the XRR peak at Q ∼0.22
Å−1 . These variations from the data could arise from the model constraint that requires the bottom four C60
/Cu repeats to have identical structural parameters. The XRR model exhibits a strong increase in the
roughness of the top C60 → Cu interface, while the NR shows a negligible increase in roughness. However,
the NR model also indicates a reduction of the top Cu SLD, which may compensate for the decreased
roughness. In general, the modeling indicates that the top C60 / Cu layer shows a considerable variation in
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Figure 3-4. (A) and (B) XRR and NR scans, respectively, for the SL samples. Superlattice Bragg peaks are
visible at Q ∼ 0.06, 0.11 and 0.22 Å−1 in the XRR data but are not present at Q ∼ 0.06 Å−1 in
the NR data. (C) and (D) XRR and NR data and fits for the TL sample. Black lines are the
scattering data; red dashed lines are best fit models.
structure from the layers closer to the substrate, and this variation takes the form of an increase in interface
roughness and / or a decrease in density. The roughness in the top C60 / Cu layers propagates into the Al /
Al2 O3 cap layers. The NR model in particular indicates that the roughness of the Al / Al2 O3 cap layers is
of the same order as the layer thickness, which suggests the layers are fully interdiffused.
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Table 3-1. Structural parameters for the SL sample used in the models presented in Fig. 3-4 A-B. The bold
lines indicate the C60 / Cu layers repeated four times in the model. The values for the roughness
of layer n are for the interface of that layer and the layer above it (i.e. the roughness listed for Si
refers to the Si / SiO2 interface).
Layer
Al2 O3
Al
Cutop
C60top

X-ray
Thickness (Å)
39
33
39
113

X-ray
Roughness (Å)
23
20
15
25

X-ray
SLD(10−6 /Å)
35.8
22.4
61.8
13.7

Neutron
Thickness (Å)
39
47
32
91

Neutron
Roughness (Å)
35
45
12
15

Neutron
SLD(10−6 /Å)
6.0
3.7
2.4
5.3

CuR4
C60,R4

34
85

13
13

63.4
13.4

38
80

13
13

5.6
5.4

SiO2
Si

1182
n/a

2
19

18.8
20.0

1348
n/a

12
14

3.5
2.1

X-ray

5
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Figure 3-5. Modeled SLD profiles of the SL structure for the XRR (A) and NR (B). Contrast of the SLDs
between Cu and C60 is strong for the x-rays (A) while much weaker for the neutrons (B).
By examining the SLD profile for the SL in Fig. 3-5, the origin of the missing superlattice Bragg
peak in the NR (black arrow in Fig. 3-4-B) becomes clear. While the x-ray scattering factors for Cu and
C60 produce intense variations in the x-ray SLD, the contrast of the SLDs is much weaker for the neutrons.
Hence, the interference effects that support the enhanced scattering intensity at the superlattice Bragg peak
positions are weaker and the influence of interface roughness washes out most of the expected increased
scattering at those Q-values.
Similar to the SL samples, XRR and NR measurements for the TL sample are shown in 3-4-C and
3-4-D. When comparing the TL to the SL sample, there are several distinct differences. First, the critical
edge, the Q value of the initial drop in scattering intensity, for the XRR scans are very different for the two
samples reflecting the two different cap layers that were deposited (Al for the SL and Au for the TL).
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However, the critical edge for the NR of the TL and the SL are indistinguishable. Since the TL sample is a
simpler profile that the SL sample, the scans are dominated by the Kiessig fringes with some modulation
from the Q-dependent interference effects. For the TL sample NR data, there are only two Kiessig fringes
visible at Q ∼ 0.029 Å−1 and 0.042 Å−1 due to the narrow Q-range used for the NR measurement at the
PolRef instrument.
For the TL sample the Q-range of the XRR measurement was much larger than the NR (up to 0.4
Å−1 for the XRR and up to 0.045 Å−1 for the NR). Therefore, we used the XRR data to model the main
structural parameters of the sample. We fixed the thickness and roughness values to the XRR fit values
when fitting the NR SLD and were able to develop a consistent structural model between the two data sets.
The modeled reflectivity profiles are presented as red dashed traces in Fig. 3-4-C and 3-4-D while the
extracted structural parameters and SLDs are presented in Table 2.2.
The layer thickness values from the single model are generally in agreement with the nominal values
from the growth run, but the interfaces between the layers exhibit considerable variation. In particular, the
Ta → C60 and the C60 → Au interfaces have a rather large roughness of ∼10 Å. Interestingly, the crucial
C60 → Cu and Cu → C60 interfaces that produce the long-range magnetic order in the samples, are much
smoother, with a roughness of ∼5-6 Å. The decreased interfacial roughness is also apparent in the Au cap
layers.
Table 3-2. Structural parameters for the TL from the common fit of both NR and XRR.
Layer
Au
Au, L2
C60
Cu
C60 , L2
Ta
SiO2
Si

Thickness
(Å)
59
49
102
50
85
32
35
n/a

Roughness
(Å)
4
6
11
5
6
15
5
6

X-ray
SLD(10−6 /Å)
152.5
153.6
23.8
55.9
23.8
112.2
20.2
20.2

Neutron
SLD(10−6 /Å)
2.8
5.2
4.8
6.3
5.2
4.8
4.1
2.1

From fitting the neutron data, we can estimate the SLD of the different layers. The neutron SLDs for
C60 and Cu are in reasonable agreement with the values reported in Table 2.1 for the SL sample. We
attribute the differences between the two samples primarily to the narrower Q-range for the NR scans for
the TL sample as compared to the SL sample. The more limited Q-range permits a wider variation in fitting
parameters with equivalent fidelity to the data.
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3.5

Summary
For this project, we looked at two different sample structures to investigate the emergent interfacial

ferromagnetism between C60 and Cu. The first structure was a superlattice with 5 repeats of the C60 /Cu
bi-layer used to increase the magnetism in the sample by increasing the number of interfaces. The second
structure was a simple trilayer sample used to emphasize the role of a single interface. Both samples were
measured with XRR and PNR. The XRR measurements were used to provide the structural information of
the samples while the PNR measurements were intended to get both the structural and magnetic properties.
The goal of this experiment was to determine the length scale of the ferromagnetic interface and if it
occurred more in the C60 or Cu layer.
For the SL sample, the XRR and PNR data were fit using Refl1d to obtain the thickness, roughness
and SLD of each of the layers. Because this sample is a superlattice, during reflectivity measurements,
superlattice Bragg peaks should be present that increase the intensity of the reflected beam thus increasing
the probability of detecting the weak magnetic signal. The XRR data show high frequency Kiessig fringes
reflecting the total thickness of the sample and also superlattice Bragg peaks. The PNR data also has the
high frequency Kiessig fringes but the expected superlattice Bragg peak is absent. The lack of superlattice
Bragg peak in the PNR data resulted in no visible change between the R++ and R−− data such that only
structural information was obtained. Looking at the x-ray and neutron SLD profiles for the SL sample, the
origin of the missing superlattice Bragg peak in the NR data becomes clear. The x-ray scattering factors for
Cu and C60 vary by ∼ 47 · 10−6 /Å while the difference in the neutron SLDs is ∼ 0.2 · 10−6 /Å. The lack of
SLD contrast for the neutrons cause a reduction of the interference effects that lead to the production of
superlattice Bragg peaks. The reduction of the interference effects is further exasperated by the increased
interfacial roughness resulting in the absence of the increased scattering at the associated Q-values.
The simple structure of the TL sample was used to determine the role of a single interface. With the
reduction of thickness and the change in capping material, the overall neutron scattering was shifted lower
in Q where there is an increase in the scattering intensity. Even though, the magnetic moment is 5 times
smaller in the TL sample than the SL sample, the increased intensity at lower Q was intended to
compensate. However, even with the increased intensity, the weak magnetic moment hindered any
magnetic results. We measured the TL sample with XRR and NR and used a consistent model between the
two data sets to determine the structural parameters. The interfaces between the cap and seed layers with
the C60 layers had a larger roughness than the critical C60 /Cu interfaces by almost a factor of 2. However,
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the thickness of the layers were in agreement with the nominal values during growth. The structural
parameters for the TL sample are consistent with the SL sample counterparts with some variations due to
the narrow Q-range of the NR data. Another possible cause of the variations is the model constraints used
to obtain a single model for the XRR and NR fits.
3.6

Conclusions
The origin of this long-range ferromagnetic ordering at the interface of molecular species and

transition metals is an appealing question. Charge transfer processes are thought to play a significant role,
strongly suggesting that the magnetic moments should be localized at or close to the interface.
Understanding the degree of localization of magnetic moments to the interface will be a key step in
formulating a coherent theory of magnetism in this class of materials. Polarized neutron reflectometry is
the most direct method of establishing the length scale of interfacial magnetism however this system
presents some challenges due to the low magnetic moments, increased interfacial roughness and poor SLD
contrast [28, 29, 30].
For future studies on this material, there are several considerations that our study has revealed. The
interfacial roughness at the C60 / metal interfaces can be quite high which could lead to a decrease in the
overall magnetization. Another possible concern for this study is the constrast in the neutron scattering
legnth density profiles for Cu and C60 . In Fig. 3-5, the scattering length density profile for the x-ray
relfectivity shows a large variation between the Cu and C60 , and when the x-rays are scattering from these
layers, it produces superlattice Bragg peaks. The concern of the neutron SLD profile having a contrast of
20% between the Cu and C60 layer could be the reason the superlattice Bragg peaks at Q ∼ 0.06 Å−1 in the
x-ray scan are essentially missing in the neutron data. An alternate material that is also known to generate a
ferromagnetic state at the interface with C60 is Mn. Mn has a neutron scattering length density of ∼ -3
×10−6 /Å which produces a larger variation when compared to the nominal neutron SLD of C60 of 5.5
×10−6 /Å. Even though the magnetization in Mn/ C60 multilayers is about 3× smaller than the Cu / C60
system [11], it is possible that the large contrast in the neutron SLD could generate the well-defined
superlattice Bragg peaks needed to resolve the interfacial magnetic length scale in polarized neutron
scattering studies.
This project was published in AIP Advances in January 2020 and can be found in reference [18].
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Chapter 4
Ferromagnetic Resonance studies on Co/C60 Bi-layers

4.1

Introduction
Over the last 15 years, coupling between magnetic thin films and molecules has been extensively

explored to determine alternative materials for rare-earth permanent magnets. One of the most interesting
is the zero bias charge transfer that occurs when materials with different chemical potentials, like metals
and organics, come in contact [19]. It has been observed that between various organic molecules and Co or
Fe films there is a change to their magnetic anisotropy due to a formation of antiferromagnetic states at the
interface between the two materials [51, 52, 19, 53]. It has also been previously observed that C60 has an
unexpected effect on the band structure and magnetic behavior of transition metals by inducing
ferromagnetic states in nonmagnetic materials [54, 55, 56, 57]. The charge transfer between C60 and metals
such as Au, Cu and Co can lead to a transfer of spin polarization which causes the formation of polarized
π − d hybrid interface state in the C60 band gap. This modifies the density of states at the metal surface
resulting in a formation of a antiferromagnetically coupled interface [58].
For Co/C60 bi-layers, the saturation magnetization at 100K with 1-200 nm of C60 is reduced by ∼
270 emu/cc compared to a control sample that consists of a Cu spacer layer between the Co and C60 [19]
The decrease in saturation magnetization correlates to an increase in the C60 layer thickness and also
produces an increase in the coercivity [19]. Looking at a simple bi-layer of Co with a 35 nm film of C60 on
top, the coercivity increases significantly and is asymmetric when it is cooled below 100K, Fig. 4-1. This
drastic change in the magnetic behavior could be due to the AF coupled interface between C60 and Co [58].
If the Co/C60 bi-layers are cooled in an external magnetic field, they exhibit an exchange bias fields
of up to 0.45 T and coercivity up to 1.5 T, Fig. 4-1. Exchange bias is typically a result of coupling between
ferromagnets (FM) and antiferromagnets (AF). The Co/C60 interface exhibits AF coupling, but it is only
for a single mono-layer. The C60 films does not show high magnetic anisotropy or exchange bias. Typically
the exchange bias in FM/AF bi-layers have a maximum in the coercivity at the Néel temperature of the AF
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Figure 4-1. From ref [58], MH curves for two identical bi-layer films of Ta(4 nm)/Co (3nm), cooled to 5K
in a 2T applied field. The black curve is the film capped with a 35 nm layer of C60 while the
red curve is uncapped. The C60 capped film produces an asymmetric hysteresis loop that has a
large coercive field due to the freezing of the C60 molecule rotation.
but in the Co/C60 bi-layers, there is no such maximum. This system can be explained by a superposition of
two hysteresis loops where one has a high coercivity that only survives one demagnetization cycle and one
low coercivity loop.
Applying this model to the Co/C60 bi-layers, we can consider the interfacial region as the high
coercivity hard magnet layer that pins the entire Co film. The energy product, which is the product of the
magnetic induction intensity and the magnetic field intensity at any point on the demagnetization curve, of
the of the Co/C60 system as a function of temperature exhibits two linear regimes; high and low
temperature, Fig. 4-2. The temperature range between the high and low temperature regions corresponds
closely to the range of temperatures on which the rotation for the C60 molecule changes with it being
frozen out at 90K in bulk films. A single C60 molecule on the surface of Co, Fe and Cr have been observed
with scanning tunneling microscopy to reveal the spin polarization of the hybrid interfacial state that is
strongly dependent on the interfacial symmetry due to the crystal structures [59, 60]. Thus, when the
interfacial symmetry is broken, it results in a high polarization in the C60 molecule. When C60 is grown on
a face-centered cubic Co lattice structure, the C60 adsorbs with an orientation with the vertex of the
molecule between a hexagonal and pentagonal face (HP) and breaks the interfacial symmetry. However,
due to the magnetoelectric coupling of the C60 and Co, when the spins on the Co are rotated, like during a
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hysteresis measurement, the in-plane spins exert a torque on the C60 molecule resulting in a change in the
orientation to the vertex being between two hexagonal faces (HH) increasing the anisotropy. The amount of
energy required to rotate the molecule to the HH orientation is significantly lower than the absorption
energy. Thus the C60 will preferentially rotate into the HH orientation when the magnetization is reversed.
However, once the molecule is in the HH orientation, there is no longer a spin-dependent interaction to
rotate the molecule back to the HP orientation. Thus, the increased anisotropy is only observable for one
hysteresis cycle unless the sample is heated above the transition temperature of ≈ 100K [58, 61].

Figure 4-2. From ref [58], The energy product for Co/C60 films, which can be related to the change in the
coercive field, as a function of temperature. There are two distinct regimes above and below the
rotational transition of C60 at 100K.
This effect has been shown to be temperature dependent with an increase in the coercive field as the
temperature is decreased. The variation in the coercive field can be related to a change in anisotropy of the
sample as the temperature is varied. Ferromagnetic resonance (FMR) is a useful technique that can help
probe the intrinsic parameters of the sample, including the anisotropy. The change in the anisotropy can be
related to the change in the coercive field and appears in FMR measurements as a shift in the resonance
field to lower fields. The higher the coercive field, the larger the shift in the resonance frequency. Thus,
FMR measurements for these samples as a function of temperature can provide insight into the enhanced
anisotropy from the rotational freezing of C60 .
4.2

Samples
To observe the interfacial effect of the C60 rotational freezing has on the Co layer, we looked at two

different sample sets grown by collaborators at the University of Leeds on sapphire (001) substrates using a
combination of DC magnetron sputtering with in situ thermal sublimation.
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The first sample set consists of three samples. The first sample (Co/C60 -1) with the structure
Co[12nm]/C60 [35nm]/Nb[30nm]/C60 [50nm] is used to observe the exchange interaction between the C60
and Co layers as they go through the rotational freezing temperature of C60 . The second sample
(Co/Cu/C60 -1) has a similar structure as the first sample but includes a Cu spacer layer intended to
decouple the C60 and Co: Co[12nm]/Cu[10nm]/C60 [35nm]/Nb[30nm]/C60 [50nm]. The third sample
(Co-1) has the strucuture, Co[12nm]/Nb[30nm]/C60 [50nm], to highlight the behavior purely from Co. The
capping structure of Nb[30nm]/C60 [50nm] was used for these samples to perserve the sample when
cleaved after growth. The Co/Cu/C60 -1 and Co-1 samples are considered the control samples.
The second sample set was grown to have a thicker Co layer where the first sample (Co/C60 -2) is
almost identical to Co/C60 -1 but with the structure Co[15nm]/C60 [35nm]/Nb[30nm]. The second sample
(Co/Cu/C60 -2) is taken as the control sample with the structure, Co[15nm]/Cu[10nm]/C60
[35nm]/Nb[30nm].
4.3

Results
For both sets of samples, FMR measurements were taken at various temperatures from 300K to 10K

with focus on the C60 rotational freezing temperature of ≈ 100K. To maximize the asymmetric anisotropy,
the samples were cooled in a 1T magnetic field before reaching the measurement temperature. For each
sample, FMR measurements are taken for a range of frequencies at a given temperature and the resonant
frequency and line width are extracted by fitting the spectra with Eq. 2.18.
For sample set 2, the magnetrometry at 300K and 10K for Co/C60 -1 is shown in Fig. 4-3 and
Co/Cu/C60 -1 and Co-1 in Fig. 4-4. From sample Co/C60 -1, we are able to confirm that at lower
temperatures when the sample is cooled in a high magnetic field, the change in the Co spins exerts a torque
on the C60 molecule producing an enhancement in the anisotropy. This is only for the initial field hysteresis
loop, shown in Fig 4-3 B. Also, the asymmetry for the initial loop increases monotonically for temperatures
below 200K, Fig. 4-3 C. The control samples, Co/Cu/C60 -1 and Co-1, magnetometry at 300K and 10K, do
not have any enhancement to the coercivity and look nearly identical, as seen in Fig 4-4.
Since this enhanced anisotropy is only present for the initial hysteresis loop, we performed FMR
measurements under two initial field conditions. The first FMR measurements were done exactly as the
first sample set where the samples are cooled in a 1T field to the temperature of interest and the FMR
spectra was obtained as a function of frequencies. The field was then swept to -1T and then back to 1T to
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break the pinning effect of the C60 molecule on the Co. The FMR measurements were then performed
again for that temperature. The prior measurements will be notated as before field sweep (BFS), and the
second measurements as after field sweep (AFS).

Figure 4-3. Field hysteresis curves for Co/C60 -1 at 300K (A) and 10K (B) when the sample is cooled in an
external magnetic field and the first hystersis cycle exhibits the asymmetric anisotropy but
disappears during the second cycle. (C) shows the asymmetric anisotropy as a function of
temperature.
BFS and AFS FMR measurements for sample Co/Cu/C60 -1 are shown in Fig 4-5 A and C for 10K
and 200K respectively. For the 10K measurements, there is a clear shift in the resonant field to higher
values after cycling through the hysteresis loop. This shift occurs for all frequencies and is shown in Fig
4-5 B. FMR measurements above the C60 rotational freezing temperature, Fig 4-5 C and D, show there is
no change in the resonant frequency between the BFS and AFS measurement which is consistent with the
magnetometry by the lack of enhancement in the anisotropy.
The anisotropy for Co/C60 -1 at each temperature condition before and after the field sweep can then
be calculated using Eq. 2.19, Fig 4-6. We can see that at high temperatures there is little change in the
anisotropy values after the field sweep. As the temperature decreases, the anisotropy values increase
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Figure 4-4. Field hysteresis curves for Co-1 at 300K (A) and 10K (B) and for Co/Cu/C60 -1 at 300K (C)
and 10K (D).
significantly at about 150K, and then at colder temperatures continues to increase but not as rapidly. Also,
below 150K, the anistropy values are different before and after the field sweep which is indicative of the
rotational freezing of the C60 molecule being broken after the field is cycled. The change in the splitting
and coercive field also increases with decreasing temperature which is consistent with the magnetometry
results. These results are consistent with the energy product as a function of temperature, Fig 4-2, where
there is a low temperature and a high temperature region with a significant change at around 150K.
Looking at the FMR measurements for the control sample, Co/Cu/C60 -1, at 10K we see that there is
no shift is the resonant field, Fig 4-7 A-B. Thus, the Co and C60 are completely decoupled from each other
due to the Cu spacer layer. The resonance field as a function of frequency for Co/Cu/C60 -1 can then be
compared to Co-1 at 300K and 10K, Fig 4-7. The resonance fields as a function of frequency for both
control samples are nearly identical, further confirming the Cu spacer layer has decoupled the Co and C60
layers.
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Figure 4-5. FMR measurements for Co/C60 -1 for 10K (A) and 200K (C) showing BFS data and fit
(green,red) and AFS data and fit (blue, black). (A) shows a shift in the resonance to higher
fields AFS while (C) stays the same. The resonance fields as a function of temperature for 10K
(B) is shown for BFS and AFS and shows a shift for all frequencies while at 200K(D) there is
no visible shift.

Figure 4-6. The change in the anisotropy as a function of temperature of BFS (black) and AFS (red). There
are two regions, high temperature and low temperature with a significant shift around the C60
rotational freezing temperature of 100K.
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Figure 4-7. FMR measurement for the control sample Co/Cu/C60 -1 at 10K (A) and the corresponding
resonance field as a function of frequency (B) or BFS and AFS. The resonance conditions for
Co/Cu/C60 -1 and Co -1 are shown for 300K (C)as nearly identical and 10K(D) with a small
shift in field which could be a result of the deposition process.
For the second sample set, the Co layer thickness was increased from 12 nm to 15 nm. The hysteresis
loops for Co/C60 -2 and Co/Cu/C60 -2 are shown in Fig. 4-8, A and B respectively at 300K and 10K. There
are two cycles of the 10K hysteresis loops to confirm the enhanced anisotropy for only the initial hysteresis
cycle. The saturation magnetization was determined from the 300K magnetometry and used as a constant
when fitting the FMR data using Eq. 2.19 for all temperatures because it does not vary with temperature.
Table 4-1. Extracted parameters for Co/C60 -2 for various temperatures by only fitting one Lorentzian.
Temperature (K)
300
210
120
70
20

γ/2π (GHz / Oe)
0.003113
0.003136
0.00319
0.003293
0.003583

Hk (Oe)
-14.53
-14.11
310.72
361.69
119.63

α
0.007314
0.013882
0.03632
0.03425
0.04979

∆H0 (Oe)
8.2
25.6
8.7
249.4
191.4

The parameters calculated from fitting the FMR measurements with Eq. 2.19 and Eq. 2.21 are
shown in Table 4.1 for Co/C60 -2. Eq.2.18, which consists of a single derivative of the Lorentzian, did not
50

Figure 4-8. Field hystersis curves for Co/C60 -2 (A) and Co/Cu/C60 -2 (B) at 300K (black) and 10K (red)
for two hysteresis cycles. (A) When the sample is cooled in an external magnetic field, the first
hystersis cycle exhibits the asymmetric anisotropy but disappears during the second cycle.
capture all the details of the FMR spectra for the measurements done at lower temperatures. These poor fits
caused inconsistencies in the parameters as can be seen in Table 4.1. The anisotropy changes sign and
decreases at 20K. Also, α increases by an order of magnitude as the temperature decreases. We observe
that for a specific frequency, as we decreased the temperature, there is a shift to lower values for the
resonance field and a development of shoulder due to a second peak Fig. 4-9.
The addition of the second resonance could possibly be fit by a linear combination of two Lorentzian
curves. Simultaneously fitting the two resonances will provide two distinct resonance fields, linewidths and
precession angles, Fig. 4-10. This development could be due to the C60 pinning a part of the Co spins at the
interface due to the rotational freezing, resulting is a different resonance condition than the rest of the Co
layer. Fig. 4-10 shows a preliminary fit using a linear combination of two Lorentzian curves for a FMR
measurement that has this second resonance. The fit was in good agreement with the data and justifies this
approach of using a linear combination of two resonances. The individual components are shown by the
green and blue curves in Fig. 4-10. The two components appear to be precessing out of phase from one
another.
The two resonance fields as a function of frequency were fit for each of the lower temperature data,
20K, 70K and 120K, and the single resonance for 210K and 300K for Co/C60 -2, shown in Fig 4-11. The
resonance field as a function of frequency for 300K and 210K are nearly identical which is expected since
we are above the C60 rotational freezing temperature and are considered the main resonance. As the
temperature is cooled, the development of the secondary resonance occurs. The main resonance for the
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Figure 4-9. FMR data taken for Co/C60 -2 at the set frequency of 24 GHz at different temperatures. There
is a shift in the resonance field as a function of temperature and a development of a second
resonance peak.
lower temperatures trends similar to the 300K and 210K data (triangles), but the secondary resonance shifts
to lower fields as the temperature is cooled (circles).
The anisotropy and gyromagnetic ratios were calculated for the main and secondary resonances and
are shown in Table 4.2. The shift of the secondary resonance to lower fields can be related to the increase in
anisotropy shown in the magnetometry by an increase in coercivity as the temperature decreases. The fit
anisotropy values can be compared to the 300K and 210K main resonant anisotropy values of 3.7 Oe and
15.2 Oe respectively and show that as the temperature is decreased the anistoropy of the main resonance
Table 4-2. Extracted parameters for Co/C60 -2 from Eq. 2.19 at the 5 different temperature conditions to
get the changes in anisotropy for the main and secondary resonances.
Temperature (K)
300
210
120
70
20

γ/2π (GHz / Oe)
0.00309
0.00313
0.00291
0.00295
0.003

Hk1 (Oe)
3.72
15.2
571.3
625.1
638.2
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Hk2 (Oe)
N/A
N/A
1012.4
1119.8
1235.2

Figure 4-10. Linear combinations of two fits to 24 Ghz data taken at 20K for Co/C60 -2 shown at the red
dashed line. The individual components with distinct resonance fields and linewidths are
shown in blue and green with the dotted lines indicate the resonance fields respectively.

Figure 4-11. Fits of the first (triangles) and second (circles) resonances for each temperature conditions for
sample Co/C60 -2. The first resonances all line up with each other while the second resonance
shifts to lower fields with decreasing temperatures.
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increases. When compared to the magnetometry, the anisotropy is slightly over estimated due to the lack of
low frequency data points. As shown in Fig 4-9, at the lower temperatures, the secondary resonance shifts
to lower fields which causes a significant broadening of the linewidth of the signal. The increased linewidth
limits the frequency range where we can obtain the entire FMR signal.
Interestingly, the control sample Co/Cu/C60 -2 shows that at the lower temperatures (100K and 20K)
and lower frequencies (8-16 GHz), Fig. 4-12, there is also a development of a weaker but still apparent
secondary resonance. This effect is not expected because the C60 and Co should be decoupled by the spacer
layer. The development of this double resonance could be an indicator of spin-pumping (non-local spin
transport) from the Co into the C60 layer, indicate issues with sample quality or be caused by the Co
thickness. Further investigation is needed to determine the cause of this effect.

Figure 4-12. FMR measurements taken for Co/Cu/C60 -2 at 12 GHz at 20K, 100K and 300K. The
resonance field shifts to lower field values as the temperature decreases and has a weaker
development of a second peak.
4.4

Summary
C60 /Co bi-layers in this work exhibit enhanced asymmetric anisotropy and were measured with

FMR to determine the associated dynamic magnetic response. The asymmetric anisotropy occurred in
these samples after the sample was cooled in an external magnetic field below the rotational freezing
temperature of the C60 molecule. This effect only occurs for the initial field sweep due to the preferential
orientation of the C60 molecule when cooled in an external field couples the C60 with the Co spins at the
interface. The interfacial interaction results in the Co spins being pinned requiring additional field to rotate
them to fully align. During that rotation, the Co spins produced a torque on the C60 molecule resulting in a
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change in the orientation. The amount of energy needed to rotate the C60 molecule into the initial
orientation is more than the energy produced from the rotation of the Co spins. Any further field sweeps
will not exhibit the enhanced anisotropy. Thus, the initial configuration of the C60 molecule will not occur
unless the system is heated above the C60 rotational freezing temperature and cooled once again in an
external magnetic field. The addition of the anisotropy shows up in a dynamic measurements as a change in
the resonance frequency in FMR measurements. We looked at two sample sets which consist of the Co/C60
bi-layer sample and a control sample of Co/Cu/C60 with nearly identical structure other than the change in
the Co thickness from 12 nm in sample set 1 to 15 nm in sample set 2.
For sample set 1, with the Co thickness of 12 nm, we measured the dynamic response of the sample
for the initial field sweep (BFS) that exhibited the enhanced anisotropy. We then swept the field to break
the symmetry and measured the FMR response again (AFS). For temperatures above the rotational freezing
temperature of C60 , the change in the FMR spectra before the field sweep and after the field sweep was
negligible. This result is consistent with the magnetometry where above the rotational freezing temperature
there is little enhancement in the anisotropy. As the temperature is cooled below the rotational freezing
temperature, there was a distinct change in the resonance field between the BFS and AFS measurements.
As the temperature cools below 300K, the anistropy increases with a significant change of 1000 Oe around
150K. As the temperature continues to cool below 150K, the anisotropy continues to increase and the
change between BFS and AFS becomes more pronounced. These results are consistent with the change in
the asymmetric coercive field between the initial hysteresis loop to the second field sweep without raising
the temperature above 100K.
The second set of samples that had the thicker Co of 15 nm was measured with FMR to determine
the dynamic response after being cooled in an external magnetic field. For temperatures above the
rotational freezing temperature of C60 , the FMR response is similar to the 12 nm case with one resonance
condition. However, at temperatures below 150K, there is a development of a shoulder in the FMR spectra
due to a secondary resonance. The FMR spectra was fit with a linear combination of two derivatives of a
Lorentzian to obtain the resonant frequency for each resonant condition. The field values for the main
resonance was consistent for all temperatures. However, the resonance fields for the secondary resonance
shifted to lower fields with decreasing temperature. The shift in the resonance field to lower resonance field
as the temperature decreases is similar to the results for the 12 nm thick Co samples. This shift is
associated to the increase in the anisotropy field with decreasing temperature. In this sample, below 150K,
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there seems to be a region in the sample that is affected by the rotational freezing and pinning effect of the
C60 while another portion is unchanged. From the fits, we are also able to determine that the two regions,
when excited by a modulation frequency of 490 Hz, precess out of phase from each other. This could be
indicative of soft and hard magnetic layers within the sample that can be altered by sweeping the magnetic
field. This could possibly lead to the development of reconfigurable exchange spring.
4.5

Conclusion
The strong enhancement of the anisotropy of Co/C60 bi-layers has been shown to arise at the

interface of non-magnetic C60 film due to a distinct exchange bias phenomenon called π-anisotropy [58].
The π − d hybridization at the interface results in an exchange springlike behavior that could possible only
require a single layer of the molecule to pin the Co spins. We have been able to measure this change in
anisotropy by a change in the resonance frequency. When the Co spins are pinned due to the rotational
freezing of the C60 , the increased anisotropy results in a decrease in the resonance frequency.
This enhancement of the anisotropy is possible due to the symmetry at the interface between C60 and
Co. Further research needs to be done to understand the interfacial length scale of this effect. By altering
the thickness of the Co layer, we would be able to determine at what thickness does the pinned Co at the
interface with the C60 break down and succumb to the bulk properties. Also, by changing the thickness of
the Co determine the thickness needed to optimize the asymmetric anisotropy and also the thickness that
produces the development of the secondary resonance. The thickness of the C60 layer can also be varied to
determine how much of the C60 is needed to pin the Co spins at the interface. The Co layers in the samples
thus far have had an fcc crystal structure, however altering the crystal symmetry could be another avenue
for this research. Further experiments can be performed the can replace Co with other magnetic materials
like Fe and Ni. Depending on the symmetry at the interface, these materials may also produce this
enhanced anisotropy when interfaces with C60 . Alternative molecules like C70 can also be explored since it
is almost chemically identical but different symmetry.
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Chapter 5
Tunable Magnetic Nanostructures Based on Rare-Earth/Transition Metal Alloys

5.1

Introduction
Recently, ferrimagnetic Rare-Earth/Transition (RE/TM) metal films have been of increased interest

due to applications in ultrafast, all-optical switching [62], efficient and tunable THz emitters [63], domain
wall spintronics [64], generation and manipulation of topologically protected non-collinear spin textures
[64] and magneto-optical recording [65]. A reason why RE/TM alloys are gaining interest is because they
exhibit an unusual effect called magnetic compensation. For a nominal concentration, the M vs. T is shown
in Fig. 5-1 by the dotted black line where the blue curve shows a typical M vs. T for the TM (MA ) and
green for RE (MB ). There is a point where these two curves intersect, and this is the point that the RE
magnetization equals the TM magnetization. Due to these alloys favoring an antiferromagnetic alignment,
the overall net magnetization is zero. The temperature that this occurs at is called the magnetic
compensation temperature or TMC [20]. The magnetic compensation temperature can be shifted up or down
in temperature by varying the RE:TM ratio over a relatively small range. For example, for Co1−x Gdx the
compensation temperature for x in the range of 18% -24% the compensation varies from 0K to 500K
respectively [66].
RE atoms have a 4 f N 6s2 configuration with 5d states almost empty where the 6s2 RE moments
align with the 4 f N moments. For 2nd row TM atoms with more than 1/2 filled 3d shells, the RE/TM metal
alloys favor an antiferromagentic alignment due to the hybridization of the RE 5d valence electrons with
the TM 3d valence states, thus resulting in the RE 4 f moments to be anti-aligned to the TM 3d states. This
means that the spin polarization at the Fermi level is dominated by the TM 3d states and is shown in the
simplified density of states diagram in Fig. 5-2. Thus, when the sample is at a temperature above the
compensation temperature, the magnetism is dominated by the TM moments which align with the
magnetic field. This results in a MOKE hysteresis loop that is aligned in the direction of the applied
magnetic field. However, when the sample is at a temperature below the compensation temperature, the RE
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Figure 5-1. Magnetization vs Temperature simulations for TM (blue) and RE (green) at a given
composition. The dotted black is the sum of the two curves and indicated a point that the
magnetization goes to zero, TMC .
moments will dominate and align with the applied magnetic field. This causes the TM 3d states at the
Fermi level to be anti-parallel to the external magnetic field due to the antiferromagnetic coupling of the
RE and TM spins, resulting in a MOKE hysteresis loop that is reversed.

Figure 5-2. Simplified schematic of the density of states for RE/TM alloy. When the sample is in a TM
dominated state the Fermi spins align with the external magnetic field producing a hysteresis
loop in the direction of the applied field. In a Gd or RE rich state, the Fermi level TM spins are
anti-parallel to the applied field resulting is a hysteresis loop that is reversed.
We will look first at a simple bi-layer structure seen in Fig. 5-3. The RE content of one layer is set to
provide TMC > RT (green) while the composition of the other layer is selected so that TMC < RT (blue).
However, not much is known about the structure of the magnetic interface between these two similar
materials. The interface could exhibit unexpected properties where the spins are not co-linear with the rest
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of the sample and may point to the development of topological interfacial spin states [64]. An ideal tool to
study the interface is polarized neutron reflectometry (PNR) due to the sensitivity to the magnetic
scattering length density. We can construct bi-layers and more complicated multilayer structures that will
appear nearly uniform in structure but with significantly modified magnetic properties to be able to probe
the length and orientation of the spins at the interfacial layers with PNR. Before we can construct
heterostructures that consist of ferrrimagnetic thin films with different compensation temperatures, we first
need to determine the magnetic and structural properties of individual components.

Figure 5-3. Cartoon image of bi-layer sample with a top composition that has TMC > room temperature
(green) and the bottom composition with TMC < room temperature (blue). The interface
between these two structurally similar materials is under investigation.

5.2

Samples
We first needed to determine the composition that would exhibit magnetic compensation between

0K-300K. The individual layers have the structure of Si/ SiO2 (3nm) /Ta (10nm) /Fe1−x Gdx (100nm) /Ta
(8nm). The Ta cap is used to prevent oxidation and the Ta seed layer is needed for better adhesion of the
Fe1−x Gdx layer. These samples were used as control samples to determine the composition and growth
parameters that produce a compensation temperature between 10K and 350K.
Based on the composition and magnetic characteristics of the above samples, we are able to
determine what concentration produces certain compensation temperatures. This was used to produce two
samples sets: compositionally fixed thickness dependent single layer samples and compositionally
modulated Fe1−x Gdx /Fe1−y Gdy bi-layers. The thickness dependent samples had the following structure: Si/
SiO2 (3nm) /Ta (10nm) /Fe1−x Gdx (t) /Ta (8nm), with x≈ 28% where the thickness was varied from 25nm
to 100nm systematically.
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The bi-layers samples were produced with the structure, Si/ SiO2 (3nm) /Ta (10nm)
/Fe1−x Gdx (50nm)/Fe1−y Gdy (50nm)/Ta (8nm), in four different variations. The first two samples consisted
of one layer with TMC > 300K and the other has TMC ≈ 100K with the layer structures as
FeGdTMC ≈100K /FeGdTMC >300K and FeGdTMC >300K /FeGdTMC ≈100K . The second set of bi-layer samples were
produced with a similar variation to the first set but with the two layers having TMC > 300K and TMC ≈
50K.
All these samples were produced via magnetron sputtering with a base pressure of < 1E-8 Torr. The
Fe/Gd alloy layers were co-deposited using Fe and Gd targets respectively and sputtered at a pressure of
3.8 mTorr. The power of the Gd target was varied while keeping the Fe target power fixed at 100W to
achieve the correct alloy composition.
5.3

Measurements and Results
Room temperature longitudinal MOKE measurements were performed on the individual layer

control samples to determine the composition and deposition parameters that result in the switching of the
direction of the hysteresis loop. The switching of the direction of the loop will indicate the deposition
conditions needed to produce samples that have magnetic compensation at 300K. MOKE measurements,
along with the corresponding M vs. T curves, are shown in Fig. 5-4 for samples with the nominal thickness
of 100 nm. For the sample that has a Gd concentration of 23.6%, the hysteresis loop is aligned in the
direction of the applied magnetic field, Fig. 5-4 D. As the composition is increased from 23.6% to 25%, the
hysteresis loop becomes wider but is still aligned with the magnetic field, Fig. 5-4 C. As the composition is
varied from 25% to 27%, the MOKE loop becomes even wider but is still aligned with the magnetic field,
Fig. 5-4 B, However, once the composition increased to 28%, the hysteresis loop reverses direction, Fig.
5-4 A, associated with the Fe spin being anti-aligned with the magnetic field. This reversal is consistent
with the M vs. T data shown in Fig. 5-4 E-H, where the magnetic compensation is below room temperature
for 23.6%, 25% and 27% and the room temperature MOKE measurements are aligned with the magnetic
field, Fig. 5-4 B-D and F-H. Once the compensation temperature shifts from below 300K to above 300K,
the room temperature MOKE loop is reversed, Fig. 5-4 A and E. The change in the shape of the hysteresis
loops, as seen in Fig. 5-4 D, is possibly due to non-trivial domain structures causing the spin to not align
entirely with the applied magnetic field.
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Figure 5-4. MOKE measurements for 28%, 27%, 25% and 23.6 %Gd shown as A-D respectively.
Noticeable switch in direction of the hysteresis loop between 18% and 17% Gd with the
nominal thickness of 100nm. The corresponding M vs. T measurements for the sample
compositions are shown in E-H respectively and show the corresponding magnetic
compensation shifting to lower temperatures with decreasing Gd composition.

Another way to determine the concentration and growth conditions that produced compensation at a
specific temperature is by looking at the coercivity of the hysteresis loops. The Gd content that produces
compensation at room temperature can be identified by the divergence of the coercivity, Fig. 5-5. As the
concentration of Gd gets closer to having magnetic compensation at room temperature, the saturation
magnetization will decrease and theoretically go to zero. This information allows the deposition conditions
to be determined to produce samples that have magnetic compensation at specific values.

Figure 5-5. Room-temperature MOKE measurements performed on 4 different samples with different Gd
concentrations. The hysteresis loops switches directions between 28% and 27% Gd indicating
composition range that has magnetic compensation at room temperature.
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Temperature dependent magnetometry measurements (M vs. T) are acquired using the physical
property measurement system operating with the vibrating sample magnetometer (PPMS-VSM).
Measurements are taken at a saturating field of 1 T for sample with different Gd concentrations to
determine the magnetic compensation temperature, Fig. 5-4 E-H. Small changes to the Gd content can lead
to large variations in TMC . For our films with 100 nm Fe-Gd thickness, TMC is 30 K for 23.6% Gd content
and rises to over 300 K when the Gd concentration increases to 28%.
5.3.1

Single layers with Fixed Composition and Variable Thickness
From the above control samples, the composition for the thickness dependent single layers samples

was chosen to be Fe72 Gd28 to produce samples with compensation around 300K. The thickness was varied
from 10 nm to 100 nm systematically and results were expected to produce samples with the same magnetic
behavior. The thickness of the FeGd layers were measured with x-ray reflectivty, Fig. 5-6 and polarized
neutron reflectivity, Fig. 5-8 and determined to be 70.6nm, 50.9 nm, 33.6 nm and 15.5 nm, called JS1, JS2,
JS3 and JS4 respectively. The MOKE hysteresis loop is shown for JS1 in Fig. 5-7 D and is aligned with the
external magnetic field. The hysteresis loop for JS2, Fig. 5-7 C is also aligned with the magnetic field but
slightly wider. As the thickness gets thinner, JS3, Fig. 5-7 B, the loop is even wider but still aligned with
the magnetic field. When the thickness reaches 15.5nm, JS4, the loop is now reversed, Fig. 5-7 A,
corresponding to the Fe moments being anti-aligned with the magnetic field and the compensation
temperature shifting from above 300K to below 300K. This is consistent with the M vs. T data shown in
Fig. 5-7 E-H. The magnetic compensation temperature for JS1, Fig. 5-7 H has a magnetic compensation
temperature that is ≈ 25K and corresponds to the MOKE loop at 300K to be aligned with the magnetic
field, Fig. 5-7 D. As the thickness is decreased from 70.6 nm to 33.6 nm, the magnetic compensation
temperature shifts to ≈ 125K, Fig. 5-7 F. Even though the magnetic compensation temperature has shifted,
the Fe spins are still aligned with the magnetic field at room temperature resulting in a hysteresis loop that
is aligned with the magnetic field. Once the magnetic compensation temperature shifts above room
temperature, Fig. 5-7 E, the direction of the room temperature hysteresis loop is reversed, corresponding to
the Fe spins no longer being aligned with the magnetic field, Fig. 5-7 A, as seen for JS4.
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Figure 5-6. XRR data and fit for the single layer FeGd samples for JS1 (A), JS2 (B), JS3 (C), and JS4 (D).

Figure 5-7. MOKE measurements for JS4, JS3, JS2 and JS1 shown as A-D respectively. Noticeable switch
in direction of the hysteresis loop between JS4 and JS3. The corresponding M vs. T
measurements for the sample compositions are shown in E-H respectively and show the
corresponding magnetic compensation shifting to lower temperatures with decreasing Gd
composition.
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To determine why the magnetism is changing drastically as a function of thickness, we performed
polarized neutron reflectometry measurements using the Magref instrument at Oak Ridge National Lab.
We performed PNR measurements using a 1T field at several different temperatures to probe the change in
the magnetism as a function of temperature. Fig. 5-8 A-D shows the PNR data and fit for JS1, JS2, JS3 and
JS4 at 300K respectively.

Figure 5-8. PNR data and fit for the single layer FeGd samples for JS1 (A), JS2 (B), JS3 (C), and JS4 (D)
at 300K.

For each sample, the PNR measurements overall look similar except for small changes in the
splitting between the R++ and R−− due to the changes in the magnetism. An alternative way to be able to
observe any changes in the magnetism is by looking at the spin-asymmetry (SA) which is defined as
R++ − R−− /R++ + R−− . The SA is shown in Fig. 5-9 A-D for JS1, JS2, JS3 and JS4 respectively at the
various measurement temperatures. There are significant changes in the SA as a function of temperature
for all of the samples. Looking at JS1 with thickness of ≈ 70.6 nm, Fig.5-9 A, there is a noticeable shift to
higher Q for the peak located at Q ≈ 0.023(1/Å) and for JS2, thickness ≈ 50.9 nm, Fig.5-9 B, a dip
develops at Q ≈ 0.038(1/Å)
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Figure 5-9. The SA is calculated from the PNR data for JS1 (A) , JS2 (B), JS3 (C) and JS4 (D) for PNR
measurement temperatures.

The PNR and SA can be modeled and fit to extract the nuclear and magnetic scattering length
density profiles for the samples as a function of temperature. This information will give insight into what is
happening within the FeGd layer that is causing this change in magnetic behavior with thickness and also
temperature.
The SLD profiles for the thickest sample, JS1, are shown in Fig. 5-10 A-D for 300K, 150K, 50K and
7K respectively. The red profile represents the nuclear SLD profile and the black shows the magnetic SLD
profile. Looking at the nuclear SLD profile, we see three distinct regions representing the 3 layers, Ta/
FeGd/ Ta, visible by the change in the magnitude of the SLD. The roughness, represented by the slope of
the SLD profile between the layers, at the top interface between the FeGd layer and the Ta cap is steeper
than at the Ta seed and FeGd layer interface. This indicates that the top interface is rougher than the bottom
interface which could be due to oxidation of the capping layer. The overall structural profile is consistent
with the XRR fit and are kept fixed for all temperatures. Looking at the magnetic SLD, we first notice that
the magnetism is not uniform for the entire FeGd layer. At 300K, Fig. 5-10 A, there is a region of little to
no magnetism, also known as a magnetically dead region, at the bottom of the FeGd layer near the Ta Seed
interface. This dead region seems to shrink and eventually disappears as the temperature decreases. For
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this sample, there is also a region at the top of the FeGd layer near the Ta cap interface that exhibits unusual
magnetic behavior. This region shows magnetism that starts off similar to the bulk of the layer, but then, as
the temperature cools, starts to produce regions of non uniformity. As seen in Fig. 5-10 B-D, the
magnetism starts to shift away from the interface and becomes increasingly rougher as the temperature is
cooled. The abrupt changes seen in Fig. 5-10 B and C are possible artifacts of the fitting but the overall
trend is consistent throughout fitting procedures.

Figure 5-10. SLD profiles from fitting the PNR and SA data for JS1 for 300K (A), 150K (B), 50K (C) and
7K (D). The M vs. T for the samples is shown in (E) stars showing the corresponding
temperatures the PNR was taken at.
Looking at JS2, with a thickness of 50.9 nm, the SLD profiles as a function of temperature, Fig.
5-11, show a similar structure as JS1 with three distinct layers and a rougher interface between the Ta cap
and the FeGd layer than the bottom interface. The neutron reflectivity indicated the FeGd layer is 59.9 nm
thick with a interface roughness 0.7 nm and 1.6 nm at the seed and cap interfaces respectively, which is
consistent with the fitting of the XRR data. Looking at the magnetic SLD profile, the top interface between
the cap and the FeGd layer show a similar shift as seen in JS1. However the overall shape is not consistent
with JS1. For this sample, the magnetic dead region at the bottom interface between the Ta seed and FeGd
layers is constant throughout all the temperatures. Since this magnetic dead region is roughly the same size
for the 5 different temperatures, it is possible something occurred during the growth process that caused
intermixing with the Ta seed layer which would suppress the magnetism. Even with the magnetically dead
region at the bottom interface, there is clearly variations in the magnetism at the top interface and it seems
to evolve similarly to JS1.
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Figure 5-11. SLD profiles from fitting the PNR and SA data for JS2 for 300K (A), 150K (B), 50K (C), 25K
(D) and 7K (E). The M vs. T for the samples is shown in (F) stars showing the corresponding
temperatures the PNR was taken at.
For JS3, which is almost half as thick as JS1, the nuclear SLD profile is consistent with JS1 and JS2
with three distinct regions, Ta/ FeGd/ Ta and the top interface is rougher than the bottom interface. The
magnetic SLD profiles show a definitive evolution of the magnetism from being at the top portion of the
FeGd layer near the cap interface at 300K to being primarily at the bottom interface near the Ta seed at 7K,
Fig. 5-12. Because the thickness of this sample is much thinner than JS1 and JS2, we are able to observe
the shift in magnetism due to the interface with the Ta cap, like in JS1 and JS2, without being dominated by
the bulk magnetic behavior. This sample shows that there are two regions in this sample that are varying
magnetically with a change in temperature.
For each of these samples, there is a distinct variation at the top interfacial region. Based of the XRR
and PNR modeling, at the top interface, there is increased roughness. This is possibly due to the Ta cap
becoming partially oxidized. It also has been previously reported that for FeGd layers that are ≈40 nm
thick produce Gd pillars at the interface with Ta [67]. Based on the magnetic SLD profiles, these samples
could be exhibiting Gd rich pillars at the interface with the Ta cap that would result in a change of the
composition at the interface to be Fe rich. A typical Fe rich M vs T is shown in Fig. 5-4-H and shows that
at 300K it is strongly magnetic, but, as the temperature decreases, the magnetism also decreases until it
reaches the compensation temperature which is consistent with the SLD profiles shown for JS3, Fig. 5-12
at the top interface. The bottom interface has the opposite behavior with an increase in magnetism with
decreasing temperature which is similar to the magnetometery shown in Fig. 5-4 E which corresponds to a
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Figure 5-12. SLD profiles from fitting the PNR and SA data for JS3 for 300K (A), 150K (B), 50K (C) and
7K (D). The M vs. T for the samples is shown in (E) stars showing the corresponding
temperatures the PNR was taken at.
sample that is Gd dominated.
5.3.2

Bi-layer samples
Since the magnetic behavior of these samples is dependent on the thickness, single layer samples

with thickness of 50 nm are needed in order to determine the expected magnetic behavior of the individual
layers in the bi-layer sample. The M vs.T for the three different layers used to make the bi-layers are shown
in Fig. 5-13 A-C and have the compensation temperatures of > 300K, 100K and 50K respectively. These
layers were used to construct 4 bi-layer variations shown in Fig. 5-14 with the same structure of Si/ SiO2
(3nm) /Ta (10nm) /Fe1−x Gdx (50nm)/Fe1−y Gdy (50nm)/Ta (8nm). The structural parameters were
determined with XRR and PNR measurements and the magnetic behavior as a function of temperature was
measured with VSM.

Figure 5-13. M vs. T for three control layers with thickness ≈ 50 nm used to make the bi-layer samples.
(A) has a composition of 29% Gd with a TMC > 300K, (B) is 28% Gd and has TMC ≈ 100K,
and (C) is 26% with a TMC ≈ 50K.
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Figure 5-14. (A-D) are the schematic of the bi-layer structures for JS5, JS6, JS7 and JS8 respectively.

The magnetometry as function of temperature for the 4 samples, JS5, JS6, JS7 and JS8 are shown in
Fig. 5-16 A-D respectively and shows that the order of the layers is important since the magnetic
compensation temperature shifts depending on the layer orientation. Similar to the single layer sample, the
XRR and NR models indicate the cap layer is very rough and possibly oxidized. This corresponds to an
interfacial roughness of the FeGd with the Ta cap layer of ≈ 1.9 nm for all the samples compared to the
interface between the Ta seed and the FeGd layer of ≈ 0.7 nm. The PNR data and corresponding fits are
shown in Fig. 5-15 for JS6 and JS7. However XRR and PNR are not sensitive to a change in the FeGd
composition of only 4%, thus the combined thickness of the FeGd bi-layers was determined and not the
thickness of the individual layers.

Figure 5-15. PNR data and fits at 300K for JS6 (A) and JS7 (B).

69

Figure 5-16. M vs. T for JS5 (A), JS6 (B), JS7 (C) and JS8 (D).
The PNR data was measured at 5 different temperatures for the 4 samples and the variation in the
spin asymmetry with temperature is shown in Fig. 5-17 A-D for each sample respectively. The SA for
samples JS5 and JS6, which are the samples with the bi-layer structure shown in Fig. 5-14 A-B
respectively, show that the variation as a function of temperature is consistent with the magnetometry,
further indicating that layer order matters. For JS5, there is a clear evolution in the SA with decreasing
temperature as seen in Fig. 5-17 A with the the development of a dip at Q ≈ 0.045(1/Å) and the narrowing
of the peak at Q ≈ 0.027(1/Å). For JS6, Fig. 5-17 B, there is dip at Q ≈ 0.045(1/Å) at 300K that turns into
a peak as the temperature decreases. The SA for JS7, structure in Fig. 5-17 C, shows a development of a
dip at Q ≈ 0.025(1/Å) and also a narrowing of the peak at Q ≈ 0.03(1/Å). For JS8, structure in Fig. 5-17
D, the SLD profiles show a shrinking in the amplitude of the peak at Q ≈ 0.028(1/Å) and a change in the
dip at Q ≈ 0.045(1/Å) that maximizes at 100K.
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Figure 5-17. Calculated SA from the PNR data for JS5 (A) , JS6 (B), JS7 (C) and JS8 (D) for all PNR
measurement temperatures.

When fitting the PNR data, the total thickness of the two bi-layers was kept fixed but the magnetism
was modeled as two separate layers due to the drastically different magnetic behavior as a function of
temperature for both compositions. The SLD profiles for JS7 are shown in Fig. 5-18 at temperatures
indicated by stars on the M vs.T in Fig 5-18 F. The SLD profile at 300K, Fig 5-18 A, shows that only one
of the layers is magnetic which is consistent with the control samples shown in Fig 5-13A,C for the bottom
and top layers respectively. However, as the sample is cooled, the bottom layer develops a region where the
magnetism is aligned anti-parallel to the top portion of the sample. As the temperature decreases, this
region becomes broader and increases in magnitude while the top layer tends to have the same overall
magnetic profile but decreases in magnitude. These layers being aligned anti-parallel to one another is a
possible solution due to one layer being Gd rich while the other is Fe rich and FeGd favoring an
antiferromagnetic alignment.
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Figure 5-18. SLD profiles from fitting the PNR and SA data for JS7 for 300K (A), 150K (B), 100K (C),
50K (D) and 10K (E). The M vs. T for the samples is shown in (F) stars showing the
corresponding temperatures the PNR was taken at. SLD profiles shows antiferromagnetic
coupling of the bi-layers that increases with decreasing temperature

JS8 SLD profiles show a similar behavior to JS7, Fig. 5-19. There are two distinct magnetic regions
in the FeGd layer, but it does seem like the top layer may be thicker than the bottom layer. Like JS7, there
is a distinct region that is aligned anti-parallel at the bottom interface to the top magnetically uniform
region. The anti-parallel region broadens as the temperature cools and top magnetically uniform layer
decreases in magnitude.

Figure 5-19. SLD profiles from fitting the PNR and SA data for JS8 for 300K (A), 150K (B), 100K (C),
50K (D) and 10K (D). The M vs. T for the samples is shown in (F) stars showing the
corresponding temperatures the PNR was taken at. Shows similar antiferromagnetic coupling
as JS7 of the bi-layers that increases with decreasing temperature
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These results show that the order of the layers does not matter with regards to the magnetic ordering
since they will end up aligned anti-parallel with the bottom layer anti-aligned with the top layer. However,
the strength and overall magnetic trend does seem to be different, as seen in the M vs. T and the variations
in the SA as a function of temperature, which resulted in a different magnetic SLD profile.
5.4

Summary
RE/TM alloy films that exhibit magnetic compensation can be used to make heterostructures that are

nearly uniform in structure but with a drastically different magnetic behavior by changing the composition
of the alloy. The simplest structure to look at is a bi-layer where the magnetic composition of one layer has
TMC >RT while the other layer is selected such that TMC <RT. Before we can produce such structures, we
need to understand the magnetic behavior of a single layer. We did this by looking at the magnetic behavior
as the composition was varied while keeping the thickness fixed and also varying the thickness while
maintaining a constant nominal composition. For the samples with the same thickness but with varying
composition, we observed that for Gd content of ≈ 28% the magnetic compensation temperature was
slightly above 300K but when the Gd is reduced to 27% TMC shifted to below 300K. This was observed by
the actual shift of the minimum in the M. vs. T curves and also the reversal of the room temperature
MOKE hysteresis loops.
Looking at the samples with the same composition, deposited to have compensation at room
temperature, but in which the thickness is varied, we also observe a change in the magnetic compensation
temperature as the sample gets thicker. For the sample that is ≈ 15.5 nm thick, the magnetic compensation
temperature is above room temperature and the MOKE loop is anti-aligned with the magnetic field. As the
thickness increases to ≈ 33.6 nm, the compensation temperature drops to ≈ 125K and the MOKE
hysteresis loop is aligned with the external magnetic field.
The change in compensation temperature in the samples that should have the same composition but
different thicknesses poses questions of what is happening magnetically in the samples as function of the
depth or thickness. We measured these samples with polarized neutron reflectometry and observed that the
magnetism is not uniform for the entire FeGd thickness. These samples were grown to have be near
magnetic compensation at room temperature. For the two thicker samples, t ≈ 70.6 nm and 50.9 nm, the
bottom of the FeGd layer near the Ta seed interface, the magnetic behavior is as expected with nearly no
magnetism at 300K. However, there are clear variation in the magnetism associated with the interface
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between the FeGd layer and the Ta cap. This is seen in the magnetic SLD profile for JS1 and JS2 as an
increase in the roughness (slope) at the top interface at 300K. As the temperature decreases, the top FeGd
region near the Ta cap interface starts to evolve and produce non-uniform regions. The abrupt changes in
the mSLD in the non-uniform regions is most likely model dependent but still signifies an overall trend of
the magnetism.
Looking at the sample that is ≈ 33.6 nm thick, we see that there is a clear evolution of the magnetism
from the top of the FeGd film to the bottom of the FeGd film. This variation is possibly the overall behavior
we see at the top interface of the two thicker samples but since this sample is thinner the length scale of the
interfacial region is a significant portion of the FeGd film. This result suggests that the composition of the
FeGd as a function of depth for this sample changes. At 300K, the bottom portion of the FeGd layer
behaves as being nearly compensated as expected from the growth conditions. The top region, based on M
vs. T of the samples with varied composition and the same thickness, seems to be Fe dominated. Based on
the the magnetic behavior shown in Fig 5-4 H for Gd ≈ 23.6% where the mSLD is strongly magnetic at
300K and becomes less magnetic with decreasing temperature. As the temperatures decreases, the
magnetism in the bottom portion of the FeGd film increases while the top decreases which is similar to
what you would expect for the top region being Fe dominated and the bottom region being Gd dominated.
The variations of the composition in these samples that were intended to be uniform may be caused
during the growth process or when the sample is exposed to atmosphere. If this is due to the growth
process, the change in the thickness which is directly related to the amount of deposition time could be the
issue. Since the thicker samples require a longer deposition time, the sample is bombarded with material
for longer which will produce a certain about of heat and increase the temperature of the sample. This
increase in temperature could slightly alter the growth mode of the Ta capping layer. The change in the Ta
cap can cause issues with preservation of the interface by causing, for example, interdiffusion of the FeGd
and Ta cap during growth. Depending on the growth mode of the Ta layer, when the sample is removed
from the ultra-high vacuum chamber, the oxygen in the atmosphere could be able to penetrate that capping
layer differently. This would allow oxygen to interact with the FeGd layer resulting in modifications to the
intended composition.
We also looked at 4 different bi-layer variation that consist of 50 nm layers with magnetic
compensation temperature either > 300K, ≈ 100K or ≈ 50K where the total sample thickness was ≈ 100
nm. For JS7 and JS8 had the sample variation of FeGdTMC >300K /FeGdTMC ≈50K and
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FeGdTMC ≈50K /FeGdTMC >300K respectively. At 300K, JS7 mSLD profile is what we would expect to see
based on the magnetic properties of the individual layers with the top being magnetic and the bottom being
nearly compensated. Initial modeling of the lower temperatures suggest a development of an anti-parallel
aligned bottom layer. However, this appears inconsistent with the magnetometry for this sample, Fig. 5-20
A-B. The PNR measurements were taken with a 1T magnetic field where the sample is fully saturated at
300K and 10K. Thus, the net moment should always be aligned with the magnetic field even if the sample
is Gd dominated. Further modeling efforts are underway which will include additional constraints to be
consistent with the magnetometry. Even though the anti-parallel behavior is unlikely, the overall trend of
the magnitudes of the magnetism is consistent with the spin asymmetry and PNR data. The region at the
bottom interface becomes magnetic and that region broadens with decreasing temperature.

Figure 5-20. M vs. H plots for JS7 at 300K (A) and 10K (B) and JS8 at 300K (C) and 10K (D). Red line
indicates the PNR measurement field.
In JS8, the M vs. H loops for this sample show that the sample are saturated at the PNR
measurement field, Fig. 5-20 C-D. That means, similar to JS7, that the anti-parallel behavior between the
two layers may be unlikely but the overall amplitude of the magnetism behavior is a possible solution
based on the spin asymmetry and PNR data. Based on the initial growth conditions, we would expect at
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300K that the bottom layer be more magnetic than the top layer which is seen in the mSLD for this sample
at 300K. However, for lower temperatures, the overall trend in the magnetism is not consistent with the
magnetic properties intended for the individual layers. Part of the problem that arises from these
measurements is due to the large imaginary scattering component from Gd with neutrons. Thus, the model
used may not be the best to capture the overall magnetic behavior in these samples.
5.5

Conclusion and Future work
We plan to continue the analysis of the bi-layer samples with focus on JS5 and JS6 to determine if

the change in the composition of the layer from 26% Gd to 28% Gd will result in a similar magnetic
behavior seen in JS7 and JS8. However, preliminary modeling of JS5 shows that the two layers may be too
close in composition such that the entire FeGd layer acts as a single magnetic layer.
These results, along with the fixed composition thickness dependent single layer samples, will be
used to improve sample quality and the interfacial magnetic behavior. The fixed composition samples that
had varied thickness showed us that the capping material for these samples is very important to preserving
the FeGd composition as well as the corresponding magnetic behavior. We can modify the cap to a more
robust material or grow a thicker cap to prevent leaking of the oxygen. Additionally, growing the Ta cap
while bleeding in nitrogen to produce TaN could possibly be an alternative. The variation in the magnetism
on the bi-layer samples will help us determine the length of the magnetic interface from one composition to
the other. A possible variation in this work is to repeat this study with either Tb or Eu as the RE material.
This would help simplify the PNR analysis since these materials lack a large imaginary neutron scattering
component.
Once the interface length is determined by the analysis of the bi-layer structures, we plan on
exploring two related structures: (1) a temperature tunable magnetic superlattice; and (2) a single layer
with continuous variation of Gd content along the film’s normal direction, which we refer to as a
compositionally graded film. The superlattice will have alternating Fe-Gd layers with TMC above and well
below room temperature (A and B layers), Fig. 5-21. At room temperature, the entire film will be
structurally and magnetically uniform. Upon cooling to TMC of layer B, the sample still appears to be
structurally uniform but is now magnetically modulated, producing a magnetic superlattice. In the
compositionally graded film, we anticipate the emergence of a magnetically “dead” layer, that is, a portion
of the Fe-Gd film that has a Gd content that will exhibit magnetic compensation at a given temperature,
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Fig. 5-22. The depth of this “dead” layer can then be shifted by varying the temperature. An interesting
question due to the lack of structural interfaces in this structure is what is happening to the spins as they go
through the magnetically dead region and how is this region interacting with the rest of the layer. Also,
how much control do we have over the manipulation of the magnetism in these structures by changing the
temperature or the composition.

Figure 5-21. Depiction of magnetic structure of RE/TM superlattice at room temperature. When cooled to
B , the magnetization of the layer B should be ∼ 0, leading to a large magnetic contrast. Out
TMC
of plane anisotropy is depicted but a similar effect will occur for in plane anisotropy systems.

Figure 5-22. Diagram of the Gd spins in a structure with a continuous gradient from high Gd to low Gd
content at room temperature. A specific Gd concentration will have magnetic compensation at
room temperature resulting in a region in the sample that has no moment.
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Chapter 6
Conclusions

In this dissertation, we looked at two very different classes of thin film magnetism. The first class of
materials involves molecular carbon, specifically C60 , interfaced with non-magnetic or ferromagnetic
transition metals. The second type of thin film magnetism we investigated involved single layer and
bi-layer ferrimagnetic rare-earth/ transition metal alloys where the magnetic behavior is drastically altered
by the change in composition.
The first unexpected spin-related property of C60 we investigated was the emergence of
room-temperature magnetism in multilayer films of C60 and Cu. This effect is purely interfacial in origin.
We studied these materials with a combination of x-ray and neutron scattering techniques in order to
understand the properties of the interface between C60 and Cu. The emergent ferromagnetism at the
interface between these two non-magnetic materials is very weak compared to a robust ferromagentic
material like Fe. Thus, determining the magnetic properties of the interfaces was difficult but we were able
to understand more about the structural parameters of these systems. The emergent magnetism is highly
dependent on the roughness between the C60 and Cu layers. Also, the interference effects intended to help
enhance the detection of the magnetism are correlated to the contrast in the nuclear SLD. Future studies
will been to take into consideration the SLD contrast and propagation of roughness throughout the sample
in order to determine the origin of the magnetism at the interface.
The second interfacial interaction presented is in Co/C60 bi-layers. When Co/C60 samples are cooled
in an external magnetic field, there is an enhancement of the anisotropy which is asymmetric with respect
to field loops. This enhancement is only for the initial field sweep and only when the sample is below the
rotational freezing temperature of 150K for the C60 molecule. We use ferromagnetic resonance to probe the
dynamic response of the increased anisotropy. We were able to detect the change in anisotropy between the
initial condition, that produces the asymmetric anisotropy, to the second field sweep, that exhibits no
enhancement, by a distinct shift in the resonance frequency for samples that have a Co thickness of 12 nm.
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However, when the Co thickness is increased to 15 nm, there are two resonances below the rotational
freezing temperature of C60 . The secondary resonance appears as a small shoulder at 120K and becomes
more pronounced as the temperature decreases. The main resonance remains unchanged as the temperature
changes but the secondary resonance shifts to lower field values with decreasing temperature. This
behavior implies two distinct regions in the sample where one if being pinned by the interfacial interaction
with the C60 molecule while the other is unaffected. This unusual double resonance could be due to the
increased Co thickness but further studies will need to be performed to explore this.
In contrast, the ferrimagnetic RE/TM alloy thin films is an entirely different magnetic effect termed
magnetic compensation. This phenomena is not interfacial in origin like the previous two projects but is a
change in the magnetic behavior with temperature by altering the Fe:Gd ratio by ∼ 4%. This drastic change
in the magnetism by a small change in the composition means we can construct sample structures that have
nearly identical nuclear SLD but the mSLD is modified significantly, such as in the bi-layer samples. This
will be useful in providing information about the extent of the magnetic interface between two regions and
how that region evolves with temperature.
Before making more complicated structures, we needed to determine what compositions where Fe is
the TM and Gd is the RE that would exhibit magnetic compensation within the measurable temperature
range of 4K to 350K. We picked the composition that would have magnetic compensation near room
temperature and varied the thickness of the layer. Since the composition for these samples was produced
with the same deposition conditions, the magnetic behavior was expected to be the same regardless of the
thickness. However, as the samples got thicker the magnetic compensation temperature shifted to lower
temperatures indicating a change in the composition. To understand what is happening magnetically as a
function of the sample thickness and temperature, we performed PNR measurements on these samples. We
discovered that in all the samples the magnetism throughout the FeGd layer was not uniform and varied
significantly as the temperature decreased. For all thicknesses, the top FeGd interface with the Ta cap layer
showed increased roughness and non-uniform magnetic behavior. The change in the magnetic behavior
may be model dependent but the overall trend of the magnetism is the same throughout the samples.
We also looked at 4 different variations of bi-layer samples that were produced to have compensation
temperatures of the individual 50 nm layers of either > 300K, ≈ 100K or ≈ 50K. These samples were
measured with PNR to determine the magnetic variation of the samples as a function of depth and also to
determine the length scale of the interface between nearly identical composition regions but which exhibit
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drastically different magnetic behavior. We focused on JS7 and JS8 that have the sample variation of
FeGdTMC >300K /FeGdTMC ≈50K and FeGdTMC ≈50K /FeGdTMC >300K respectively. For JS7, the modeling of the
room-temperature data suggests that the 300K mSLD profile is consistent with what is expected for the two
individual layers. However, as the temperature is decreased the modeling suggests a magnetic region in the
bottom FeGd layer that is anti-parallel to the top layer. The anti-parallel behavior is not consistent with the
magnetometry but the overall trend of the magnitude of the magnetism is possible solution. For JS8, the
magnetic behavior also suggest that the two layers are anti-parallel to each other however the overall
magnetic behavior is not consistent with the individual counterparts. Thus, further model constraints need
to be added to fully grasp this complicated magnetic evolution as a function of temperature.
Even though the above projects look at different classes of magnetic thin film materials, there is key
information that can be used for future work. We worked with C60 and non-magnetic transition metals that
when interfaced with one another result in emergent ferromagnetism. We then explored the the result of
interfacing C60 with a ferromagnet and show an enhancement in the magnetic effects at temperatures below
150K. Switching gears, we also looked at RE/TM ferrimagnetic alloys that exhibit an unusual effect called
magnetic compensation. We then manipulated that magnetism by changing the composition and thickness
of the film. The interface between two Fe/Gd thin films that have similar composition but drastically
different magentic behavior is explored to understand the extent of the magnetic interface. The influences
of the interfaces in these materials may be useful for the future in the development of new devices.
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